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Preface to ”Recent Advances in Novel Materials

for Future Spintronics”

Spintronics, which uses the spins of electrons as information carriers and possesses the potential

advantages of speeding up data processing, high circuit integration density, and low energy

consumption, can be seen as one of the most promising next-generation information technologies.

To date, it must be noted that spintronics has faced a number of challenges limiting its widespread

use, including spin generation and injection, long-distance spin transport, and manipulation and

detection of spin orientation. To solve these issues, many new concepts and spintronics materials

have been proposed, such as half-metals, spin-gapless semiconductors, and bipolar magnetic

semiconductors. In designing these spintronics materials, first-principles calculations play a very

important role. This book is based on the Special Issue of the journal Applied Sciences on ‘Recent

Advances in Novel Materials for Future Spintronics’. This collection of first-principles research

articles includes topics such as recent advances in newly predicted half-metallic materials, new

attempts in strain tuneable quaternary spintronic Heusler compounds, recent progress in surface and

device investigations based on bulk-type spin-gapless semiconductors, frontiers in skyrmionic phase

behavior of novel films, and potential for furthering spintronic materials development.

Xiaotian Wang, Hong Chen, Rabah Khenata

Special Issue Editors
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1. Referees for the Special Issue

A total of 23 manuscripts were received for our Special Issue (SI), of which 7 manuscripts were
directly rejected without peer review. The remaining 16 articles were all strictly reviewed by no
less than two reviewers in related fields. Finally, 13 of the manuscripts were recommended for
acceptance and published in Applied Sciences-Basel. Referees from 10 different countries provided
valuable suggestions for the manuscripts in our SI, the top five being the USA, Germany, Korea, Spain,
and Finland. The names of these distinguished reviewers are listed in Table A1. We would like to
thank all of these reviewers for their time and effort in reviewing the papers in our SI.

2. Main Content of the Special Issue

Since tetragonal Heusler compounds have many potential applications in spintronics and
magnetoelectric devices, such as ultrahigh-density spintronic devices, spin transfer torque devices,
and permanent magnets, they have received extensive attention in recent years [1–5]. In this SI, Zhang et
al. [6] studied the magnetic and electronic structures of cubic and tetragonal types of Mn3Z (Z = Al,
Ga, In, Tl, Ge, Sn, Pb) Heusler alloys. The authors used first-principles calculations to describe the
impact of increasing atomic radius on the structure and properties of Heusler alloys. They investigated
tetragonal distortions in relation to different volumes for Mn3Ga alloys and extended this analysis to
other elements by replacing Ga with Al, In, Tl, Si, Ge, Sn, and Pb.

Spintronics has many advantages over traditional electronics, such as no volatility, high data
processing speed, low energy consumption, and high integration density. Therefore, spintronics,
which utilizes spin instead of charge as the carrier for information transportation and processing, can be
seen as one of the most promising ways to implement high-speed and low-energy electronic devices.
However, in the process of developing spintronic devices, we have also encountered many bottlenecks,
including spin-polarized carrier generation and injection, long-range spin-polarization transport,
and spin manipulation and detection. To overcome these problems, various types of spintronic materials
have been proposed, such as spin-gapless semiconductors (SGSs) [7–13], Dirac half-metals [14,15],
diluted magnetic semiconductors (DMSs) [16,17], and bipolar magnetic semiconductors (BMSs) [18–20].
In this SI, Liu et al. [21] predicted two new 1:1:1:1 quaternary Heusler alloys, ZrRhTiAl and ZrRhTiGa,
and studied their mechanical, magnetic, electronic, and half-metallic properties via first principles.
Chen et al. [22] investigated the effect of main-group element doping on the magnetism, half-metallic
property, Slater–Pauling rule, and electronic structures of the TiZrCoIn alloy. Feng et al. [23] calculated
the band structures, density of states, magnetic moments, and the band-gap of two quaternary
Heusler half-metals, FeRhCrSi and FePdCrSi, by means of first principles. Zhang et al. [24] performed
first-principles calculation to investigate the electronic structure of half-metallic Prussian blue analogue

Appl. Sci. 2019, 9, 1766; doi:10.3390/app9091766 www.mdpi.com/journal/applsci1
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GaFe(CN)6. They revealed its magnetic and mechanical properties. The pressure dependence of the
electronic structure was also investigated in their study. In 2017, Wang et al. [25] predicted a rare
strain-tunable electronic band structure, which can be utilized in spintronics. Based on Wang et al.’s
study, Chen et al. [26] demonstrated that the physical state of ScFeRhP can be tuned by uniform strain.
Theoretical predictions of strain-adjustable quaternary spintronic Heusler compounds remain of high
importance in the field of spintronics. Similar works can also be found in References [27–32].

In recent years, SGSs [33] have attracted widespread attention in the field of spintronics. Thus far,
nearly 100 Heusler-type SGSs have been theoretically predicted, of which Mn2CoAl, Ti2CoAl,
and Ti2CoSi have been extensively studied. In this SI, Wei, Wu, and Feng et al. focused on these novel
materials. Wei et al. [34] studied the interfacial electronic, magnetic, and spin transport properties
of Mn2CoAl/Ag/Mn2CoAl current-perpendicular-to-plane spin valves (CPP-SV) based on density
functional theory and non-equilibrium Green’s function. Wu et al. [35] conducted a comprehensive
study of the electronic and magnetic properties of the Ti2CoAl/MgO (100) heterojunction with
first-principles calculations. Ten potential Ti2CoAl/MgO (100) junctions are presented based on
the contact between the possible atomic interfaces. The atom-resolved magnetic moments at the
interface and subinterface layers were calculated and compared with the values obtained from bulk
materials. The spin polarizations were calculated to further illustrate the effective range of tunnel
magnetoresistance (TMR) values. Feng et al. [36] systematically investigated the effect of Fe doping in
Ti2CoSi and observed the transition from gapless semiconductor to nonmagnetic semiconductor.

Chen et al. [37] used the spin-polarized density functional theory based on first-principles methods
to investigate the electronic and magnetic properties of bulk and monolayer CrSi2. Their calculations
show that the bulk form of CrSi2 is a nonmagnetic semiconductor with a band gap of 0.376 eV.
Interestingly, there are claims that the monolayer of CrSi2 is metallic and ferromagnetic in nature,
which is attributed to the quantum size and surface effects of the monolayer.

Jekal et al. [38] conducted a theoretical investigation with the help of the density functional theory
and showed that the creation of small, isolated, and stabilized skyrmions with an extremely reduced
size of a few nanometers in GdFe2 films can be predicted by 4d and 5d TM (transition metal) capping.
Magnetic skyrmions is an exciting area of research and has gained much attention from researchers all
over the world. We hope that this work may add value to the scientific community and be helpful for
reference in future work.

Finally, we introduce two manuscripts in this SI related to computational materials. Although
these two papers are not in the field of spintronics, they belong to the field of computational materials
science. The interaction of hydrogen with metal surfaces is an interesting topic in the scientific and
engineering world. In this SI, Wu et al. [39] investigated the hydrogen adsorption and diffusion
processes on a Mo-doped Nb (100) surface and found that the H atom is stabilized at the hollow sites.
They also evaluated the energy barrier along the HS→TIS pathway. Due to their unique physical
properties and wide application, Bi-based oxides have received extensive attention in the fields of
multiferroics, superconductivity, and photocatalysis. In this SI, Liu et al. [40] investigated the electronic
structure as well as the optical, mechanical, and lattice dynamic properties of tetragonal MgBi2O6

using the first-principles method.

Funding: This research was funded by the Program for Basic Research and Frontier Exploration of Chongqing
City (Grant No. cstc2018jcyjA0765), the National Natural Science Foundation of China (Grant No. 51801163),
and the Doctoral Fund Project of Southwest University, China (Grant No. 117041).

Acknowledgments: We would like to sincerely thank our assistant editor, Emily Zhang (emily.zhang@mdpi.com),
for all the efforts she has made for this Special Issue in the past few months.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: The structure, elasticity, and magnetic properties of Prussian blue analogue GaFe(CN)6

under external pressure ranges from 0 to 40 GPa were studied by first principles calculations. In the
range of pressure from 0 to 35 GPa, GaFe(CN)6 not only has the half-metallic characteristics of 100%
spin polarization, but also has stable mechanical properties. The external pressure has no obvious
effect on the crystal structure and anisotropy of GaFe(CN)6, but when the pressure exceeds 35 GPa,
the half-metallicity of GaFe(CN)6 disappears, the mechanical properties are no longer stable, and total
magnetic moments per formula unit are no longer integer values.

Keywords: half-metallic material; first principles; Prussian blue analogue; pressure

1. Introduction

Whether spin-polarized electrons can be efficiently injected into semiconductor materials is
one of the key technologies to realize spintronic devices [1–6]. Previous studies have shown that
magnetic materials with high spin polarizability can effectively inject spin-polarized electrons [7–10].
Half-metallic ferromagnets with a high Curie temperature and nearly 100% spin polarizability
undoubtedly become the most ideal spin electron injection source for semiconductors. Among the two
different spin channels of half-metallic ferromagnets, one spin channel is metallic, while the other is
insulating or a semiconductor [11]. Half-metallic ferromagnets are widely used in spin diodes, spin
valves, and spin filters because of their unique electronic structure [12–15].

Since the first half-metallic ferromagnet was predicted by theory, after more than 30 years of
development, half-metallic ferromagnetic materials have become a hot topic in materials science
and condensed matter physics. Up to now, half-metallic ferromagnets have been found mainly as
follows: ternary metal compounds represented by Heulser alloy [16–19], magnetic metal oxides [20,21],
perovskite compounds [22,23], dilute magnetic semiconductors [24,25], zinc-blende type pnictides
and chalcogenides [26,27], organic–inorganic hybrid compounds [28,29]. Even some two-dimensional
materials have half-metallic ferromagnets [30–33].

Prussian blue analogs are a class of metal-organic frameworks with a simple cubic structure,
whose chemical formula can be expressed as A2M[M(CN)6] (A = alkaline metal ions, zeolitic water;
M/M’= Fe, Co, Mn, etc.) [34]. Prussian blue analogs often have simpler molecular configurations due to
the existence of vacancy defects. In Prussian blue analogs, there is a large space between metal ions and
-CN- groups, which can effectively accommodate alkali metal ions such as Li+, Na+, and K+. The open
structure of Prussian blue analogs makes it exhibit excellent electrochemical performance [35–37].

The magnetic study of Prussian blue analogs has also attracted people’s attention for a long
time. In 1999, Holmes et al. reported a compound KV[Cr(CN)6] with a Curie temperature as high as
376 K [38]. In 2003, Sato et al. proposed that electrochemical methods could be used to control the
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magnetism and Curie temperature of Prussian blue analogs [39]. They also pointed out that it was
feasible and promising to control the magnetism of Prussian blue analogs by light. Half-metals have
also been found in these compounds by studying the magnetism. Two well-defined Prussian blue
analogues are predicted as half-metallicity using first principles [40]. In the present study, we will
study the structure, elasticity, and magnetic properties of a new Prussian blue analogue GaFe(CN)6

under pressure and predict that the compound is half-metallic.

2. Materials and Methods

The projector augmented wave (PAW) [41] method encoded in the software Vienna Ab initio
Simulation Package (VASP) [42] was performed during the calculations. The generalized gradient
approximation (GGA) of the Perdew–Burke–Ernzerhof (PBE) functional is used as exchange correlation
potential [43]. The electronic configurations—4s24p1 for Ga, 4s23d6 for Fe, 2s22p2 for C, and 2s22p3

for N—were treated as valence electrons in calculations. For the self-consistent calculation, the plane
wave cutoff energy was chosen to be 400 eV. A mesh of 9 × 9 × 9 Monkhorst–Pack k-point was used.
The convergence tolerances were selected as the difference in total energy and the maximum force
within 1.0 × 10−5 eV and 1.0 × 10−2 eV/atom, respectively.

3. Results and Discussion

Crystal structure characterization based on high resolution synchrotron radiation X-ray diffraction
shows that the Prussian blue analogue of GaFe(CN)6 is a cubic crystal with space group Fm3m,
as shown in Figure 1. The structure of GaFe(CN)6 is formed with FeC6 and GaN6 octahedrons,
which are equivalent to ABX3 type perovskite with vacancy in A site. In the structure of GaFe(CN)6,
the -Ga-N≡C-Fe- chain is formed between gallium, carbon, nitrogen, and iron atoms. Experimentally,
the lattice constant of GaFe(CN)6 was measured as 10.0641 Å at 273 K [36], and the occupied positions
of each atom in the structure are shown in Table 1.

 
Figure 1. Crystal structure of GaFe(CN)6. (a) Side view; (b) top view.

Table 1. Atomic occupied positions in GaFe(CN)6.

Atom
Exp. Present

x y z x y z

Ga 0.0 0.0 0.0 0.0 0.0 0.0
Fe 0.5 0.0 0.0 0.5 0.0 0.0
C 0.3043 0.0 0.0 0.3253 0.0 0.0
N 0.1883 0.0 0.0 0.2114 0.0 0.0

In order to obtain the theoretical equilibrium lattice constant and the ground state properties of
GaFe(CN)6, we constructed supercells based on experimental structural parameters and calculated
the total energy of ferromagnetic (FM), non-magnetic (NM), and antiferromagnetic (AFM) states of
GaFe(CN)6 under different lattice constants. The ground state is determined based on the principle
that the lower the energy is, the more stable the structure is. The total energies of GaFe(CN)6 in
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FM, NM, and AFM states are drawn in Figure 2. Obviously, FM states have lower total energy than
NM and AFM states, which means the ferromagnetic state is the most stable for GaFe(CN)6. The
equilibrium lattice constant obtained at the same time was 10.1883 Å. This result is slightly larger than
the experimental result, and the deviation is 1.23% compared with the experimental result, which is
within a reasonable range. The coordinates of the positions of the atoms in the equilibrium state of
GaFe(CN)6 are also listed in Table 1. Excepting that the x coordinates of C and N atoms deviate from
the experimental data, the other results are consistent with the experimental values.

 

Figure 2. The total energies of GaFe(CN)6 in ferromagnetic (FM), non-magnetic (NM), and
antiferromagnetic (AFM) states.

In order to study the effect of pressure on the crystal structure of GaFe(CN)6, the pressure
measurement of GaFe(CN)6 was carried out at intervals of 5.0 GPa under pressure of 0–40 GPa.
The variation of relative lattice constant a/a0 and relative volume V/V0 with pressure was obtained,
as shown in Figure 3. Among them, a0 is the equilibrium lattice constant at 0 GPa and V0 is the
cell volume at 0 GPa. As can be seen from Figure 3, the lattice constant decreases gradually with
the increase of external pressure, resulting in the corresponding decrease of volume V and relative
volume V/V0.

 
Figure 3. The variation of relative lattice constant a/a0 and relative volume V/V0 with pressure.

In order to further understand the variation of structural parameters with pressure, the curve of
Figure 3 is fitted and calculated, and the binary quadratic state equations of a/a0 and V/V0 of GaFe(CN)6

and pressure are obtained, as shown below.

a/a0 = 0.99645 − 0.00171P + 5.71387 × 10−5P2 (1)

V/V0 = 0.98777 − 0.00475P + 4.05769 × 10−4P2 (2)

Table 2 gives the structural parameters of GaFe(CN)6 under pressure. The lattice constant at
40 GPa is 9.4828 Å, which is only 93.1% of the lattice constant at 0 GPa. The bond lengths of C–N,
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Ga–N, and Fe–C in the compounds decrease with the increase of pressure, which is mainly due to
the compression of the volume of the compounds under pressure and the reduction of the spacing
between atoms. The pressure from 0 to 40 GPa does not cause structural transition of GaFe(CN)6,
because GaFe(CN)6 still presents a cubic phase structure. Except for the x-direction coordinates of C
and N atoms, the positions or coordinates of other atoms in compounds have not changed.

Table 2. Structural parameters of GaFe(CN)6 under different pressures.

Pressure a (Å) C-N(Å) Ga-N(Å) Fe-C(Å) C(x,0,0) N(x,0,0)

0 10.1883 1.160 2.155 1.780 0.32533 0.21148
5 10.0706 1.156 2.118 1.762 0.32508 0.21029
10 9.9649 1.152 2.085 1.745 0.32492 0.20928
15 9.8695 1.149 2.057 1.729 0.32481 0.20843
20 9.7830 1.145 2.028 1.719 0.32430 0.20728
25 9.7015 1.142 2.008 1.701 0.32471 0.20701
30 9.6271 1.138 1.987 1.688 0.32461 0.20636
35 9.5563 1.135 1.967 1.676 0.32459 0.20579
40 9.4828 1.132 1.945 1.665 0.32447 0.20512

The elastic constants are important parameters reflecting the mechanical stability of the
compounds [44,45]. At 0 GPa, the elastic constants C11, C12, and C44 of GaFe(CN)6 are 206.7,
53.2, and 54.6 GPa, respectively. The mechanical stability Born–Huang criteria of cubic crystal are
expressed as [46,47]:

C11 − C12 > 0, C11 + 2C12 > 0, C44 > 0. (3)

The elastic constants of GaFe(CN)6 at 0 GPa satisfy the above conditions, which means that
GaFe(CN)6 has stable mechanical properties in an equilibrium state. At the same time, it was noted that
the unidirectional elastic constant C11 is higher than C44, which indicates that GaFe(CN)6 has weaker
resistance to the pure shear deformation compared to the resistance of the unidirectional compression.

Some mechanical parameters can be calculated by elastic constants according to some formulas,
which can be obtained in our previous studies [48]. The elastic anisotropy factor A is calculated by the
following formula:

A = 2C44/(C11 − C12). (4)

The elastic anisotropy factor A of GaFe(CN)6 is 0.71; it is usually used to quantify the elastic
anisotropy and the degree of elastic anisotropy of the compound. In general, the elastic anisotropic factor
for isotropic crystals is A= 1, while for anisotropic crystals A� 1. According to this criterion, GaFe(CN)6

is an anisotropic compound. The Poisson’s ratio, which reflects the binding force characteristics,
is often between 0.25 and 0.50. The Poisson’s ratio of GaFe(CN)6 is 0.25, which is just in the range of
values, meaning that the inter-atomic forces are central for the compounds. The Debye temperature of
the GaFe(CN)6 is 738.4 K, which is calculated from a formula in [47,49].

Under the isotropic pressure, the elastic constants are transformed into the corresponding
stress–strain coefficients by the following expressions:

B11 = C11 − P, B12 = C12 + P, B44 = C44 − P. (5)

The mechanical stability of GaFe(CN)6 under isotropic pressure is determined by the following
formula [48,50]:

B11 − B12 > 0, B11 + 2B12 > 0, B44 > 0. (6)

The P in the formula above refers to the external pressure. The curves of B11 − B12, B11 + 2B12,
and B44 with pressure are plotted in Figure 4. B11 − B12 and B11 + 2B12 increase with the increase of
pressure, and also meet the mechanical stability criterion under pressure. When the pressure is greater
than 35 GPa, the value of B44 is negative, and the stability condition of B44 is not satisfied. Generally
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speaking, when the external pressure of GaFe(CN)6 is less than 35 GPa, its mechanical performance
is stable. Once the external pressure exceeds 35 GPa, the mechanical performance of GaFe(CN)6

is unstable.

 
Figure 4. Elastic modulus of GaFe(CN)6 under different pressures.

From 0 to 40 GPa, elastic anisotropy factor A becomes smaller and smaller, and the anisotropic
characteristics of GaFe(CN)6 become more obvious. At the same time, the bulk modulus increases
from 104.3 to 208.8 GPa, and the Debye temperature reaches 798.5 K. The increase in pressure makes
the atoms more closely linked, which makes the compound’s stiffness.

The spin-polarized band structures and density of states of GaFe(CN)6 at 0 GPa are depicted in
Figure 5. It can be clearly seen that the conduction band minimum (CBM) and valence band maximum
(VBM) in majority-spin are located at the same highly symmetric G-point, and a band gap of 4.01 eV is
formed between the conduction band and the valence band, indicating that this spin direction has
insulator behavior. The bands pass through the Fermi level in minority-spin to exhibit a metallic feature.
According to the band theory of quantum solid, GaFe(CN)6 is a half-metal with 100% spin polarization.

 

Figure 5. Band structure and density of states (DOS) of GaFe(CN)6 at 0 GPa.

Figure 6 presents the total and local density of state of GaFe(CN)6 at 0 GPa. It can be clearly seen
that the half-metallic behavior of GaFe(CN)6 is mainly due to the formation of spin splitting in the
vicinity of the Fermi level by the 3d states of the Fe atom and the 2p states of the N atom. The 3d states
of the Fe atom and the 2p states of the N atom have obvious spin hybridization in the energy range of
−1.01 to 0.35 eV. The 3d state of the Fe atom is also the most important contributor to the total density
of GaFe(CN)6. From the magnetic properties generated by spin splitting, it can be inferred that Fe
atoms are also the main source of GaFe(CN)6 magnetic moment. In the energy range of −2.7 to −1.01
eV, the density of states is mainly derived from the C-2p, N-2p, and Ga-4P states, and the 3d of the Fe
atom has little contribution in this region.
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Figure 6. Total and local density of states of GaFe(CN)6 at 0 GPa.

The electronic structure calculation of pressure from 0 to 40 GPa shows that the minority-spin
direction of GaFe(CN)6 always shows metallic behavior. In this case, the physical properties of
GaFe(CN)6 under pressure are basically determined by the majority-spin electronic states. Figure 7
depicts the CBM and VBM in majority-spin of GaFe(CN)6 as a function of pressure. With the increase
of pressure, both CBM and VBM move towards high energy. Once the pressure is greater than 35 GPa,
VBM will cross the Fermi level and make GaFe(CN)6 majority-spin also show metallic behavior.
In this way, the half-metallicity of GaFe(CN)6 will disappear. It is worth noting that, as can be seen from
Figure 7, the density of states across the Fermi level at 40 GPa is very low. This means that the material
may not be able to hold enough free electrons and therefore has poor conductivity or metallicity.

 

Figure 7. Conduction band minimum (CBM) and valence band maximum (VBM) of GaFe(CN)6 in
majority-spin under different pressures.

The effect of pressure on the electronic structure of GaFe(CN)6 can also be confirmed by Figure 8.
In Figure 8, we can see that the minority-spin electronic states are hardly affected by external pressures.
A slightly more obvious feature is that the conduction band in the high energy region moves toward
a higher energy position as the pressure increases. However, this does not change the metallicity
of the minority-spin direction. The electronic structure in majority-spin changes are consistent with
the analysis in Figure 7. When the pressure is 40 GPa, the valence band in majority-spin crosses the
Fermi level.
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Figure 8. Band structure of GaFe(CN)6 under different pressures. (a) Majority-spin; (b) minority-spin.

At 0 GPa, the total magnetic moment per formula unit of GaFe(CN)6 is 1.0 μB, which is very
consistent with the characteristic that the molecular magnetic moment of half-metallic magnetic
materials is an integral value. The local magnetic moments of Fe, Ga, C, and N atoms are 0.765 μB,
−0.007 μB, −0.018 μB, and 0.035 μB, respectively. Obviously, Fe atoms are the most important
contributors to the magnetic properties of GaFe(CN)6. The local magnetic moments of Ga, C, and N
atoms are very small. Because these three atoms have no magnetism, their magnetic moments are
mainly induced by the influence of the Fe atom. In –Ga–N–C–Fe– chemical chains, the local magnetic
moments between them show a sign change of −/+/−/+, which means that there is antiferromagnetic
coupling between these atoms.

Figure 9 shows the total and local magnetic moments of GaFe(CN)6 under pressure. From 0 to
35 GPa, the total magnetic moment per formula unit of GaFe(CN)6 is 1.0 μB. In this pressure range,
GaFe(CN)6 has half-metal characteristics. When the pressure exceeds 35 GPa, GaFe(CN)6 is no longer
a half-metal and its molecular magnetic moment is no longer an integral value. The local magnetic
moment of the Fe atom decreases with the increase of pressure, while the induced magnetic moment
of the N atom increases slightly, although its value is very small. The local magnetic moments of Ga
and C atoms are hardly affected by pressure. From the local magnetic moment signs of Ga, N, C,
and Fe atoms, the change of pressure has no effect on the antiferromagnetic coupling of –Ga–N–C–Fe–
chemical chains.

 

Figure 9. Total and local magnetic moments of GaFe(CN)6 under pressure.
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4. Conclusions

First principles calculations were performed to study the structure, elasticity, and magnetism of
a Prussian blue analogue GaFe(CN)6 under external pressure ranges from 0 to 40 GPa. The crystal
structure obtained by theoretical optimization was very close to the experimental structure, and the
external pressure had no obvious effect on the cubic structure of GaFe(CN)6. In the range of pressure
from 0 to 35 GPa, GaFe(CN)6 was an anisotropic compound with stable mechanical properties. It also
was a half-metallic magnetic material with 100% spin polarization, and its total magnetic moment per
formula unit was 1.0 μB. When the pressure exceeded 35 GPa, the mechanical properties were no
longer stable, the half-metallicity of GaFe(CN)6 disappeared, and the magnetic moment no longer had
the typical characteristics of half-metallic magnetic materials, that is, the total magnetic moment per
formula unit was no longer an integer value. In terms of magnetism, iron atoms are the most important
contributors to GaFe(CN)6 magnetism in the whole pressure range.
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Abstract: The structural stability and magnetic properties of the cubic and tetragonal phases of Mn3Z
(Z = Ga, In, Tl, Ge, Sn, Pb) Heusler alloys are studied by using first-principles calculations. It is found
that with the increasing of the atomic radius of Z atom, the more stable phase varies from the cubic to
the tetragonal structure. With increasing tetragonal distortion, the magnetic moments of Mn (A/C
and B) atoms change in a regular way, which can be traced back to the change of the relative distance
and the covalent hybridization between the atoms.

Keywords: phase stability; magnetic properties; covalent hybridization

1. Introduction

Tetragonal Heusler compounds have been receiving huge attention in recent years due to their
potential applications in spintronic [1–5] and magnetoelectronic devices [6–9], such as ultrahigh density
spintronic devices [9–13], spin-transfer torque (STT) [9–16] and permanent hard magnets [17,18].
Among the tetragonal Heusler compounds, Mn3-based Heusler compounds exhibit very interesting
properties. The previous theoretical and experimental studies [4,16,19–22] show that the tetragonal
(DO22) phase of Mn3Ga compound is ferrimagnetic at room temperature and shows a unique
combination of magnetic and electronic properties, including low magnetization, high uniaxial
anisotropy, high spin polarization, and high Curie temperature. Because of these interesting properties,
this material is believed to have potential for nanometer-sized spin transfer torque (STT) -based
nonvolatile memories [4,16,23]. The first-principles calculations reveal that Mn3Z (Z = Ga, Sn and
Ge) type Heusler compounds can have three different structural phases, where each phase exhibits
different magnetic properties [24]. There are also some other reports about the phase stability and the
magnetic properties for these systems [25–28], but the relation between the phase stability and the
magnetic properties of Mn3Z tetragonal Heusler alloys has not been investigated in detail.

In this paper, the relation between the phase stability, magnetic properties, the covalent
hybridization effect, and the relative position between atoms of Mn3Z (Z = Al, Ga, In, Tl, Si, Ge,
Sn, Pb) Heusler alloys has been investigated by using the first-principles calculations. It is found that
the atomic radius of Z atoms and the level of distortion have great effects on the degree of the covalent
hybridization between atoms in Mn3Z system, which plays an important role in the phase stability
and the magnetic properties of Mn3Z Heusler compounds.

2. Calculation Details

The calculations of total energy, electronic structure, and magnetic moments were performed by
the Cambridge Serial Total Energy Package (CASTEP) code based on the pseudopotential method

Appl. Sci. 2019, 9, 964; doi:10.3390/app9050964 www.mdpi.com/journal/applsci16



Appl. Sci. 2019, 9, 964

with a plane-wave basis set [29]. The exchange and correlation effects were treated using the local
density approximation (LDA) [30]. The plane wave basis set cut-off was 500 eV for all of the cases,
and 182 k-points were employed in the irreducible Brillouin zone. The convergence tolerance for the
calculations was selected as the difference in the total energy within the 1 × 10−6 eV/atom. These
parameters ensure good convergences for the total energy.

3. Results and Discussion

Heusler alloys crystallize in a highly-ordered cubic structure, and have a stoichiometric
composition of X2YZ, where X and Y are transition-metal elements, and Z is a main group element.
Generally, the Heusler structure can be considered as four interpenetrating f.c.c lattices along the space
diagonal, in which the transition metal atoms occupy the A (0, 0, 0), B (0.25, 0.25, 0.25) and C (0.5, 0.5,
0.5) Wyckoff positions, respectively. The main group element occupies the D (0.75, 0.75, 0.75) position.
The tetragonal Heusler alloys can be considered as tetragonal distortions of the cubic phase along the
z direction, and the c/a ratio can be used to quantify the amount of tetragonal distortion [9,31,32].
For tetragonal Mn3Z (Z = Al, Ga, In Tl, Si, Ge, Sn, Pb) alloys, the Mn(A), Mn(B), Mn(C) and Z atoms
occupy the (0, 0, 0), (0.25, 0.25, 0.25), (0.5, 0.5, 0.5) and (0.75, 0.75, 0.75) Wyckoff positions, respectively.

As a typical example, we first present the results of Mn3Ga alloy. Figure 1 shows the total energy
as a function of c/a (ΔEtotal-c/a curve) for Mn3Ga alloy. The total energy of the cubic phase is set as
the zero point. The lattice constant of the cubic phase is obtained by minimizing the total energy and
is 5.66 Å. The unit cell volume is the same as that of cubic phase, and is fixed when the tetragonal
distortion is considered. From Figure 1, it can be seen that there are two local energy minima on
the ΔEtotal-c/a curve, i.e., a shallow one is at c/a = 1.35 and a deeper one at c/a = 1. The latter is
energetically favorable. Between the two energy minima, there is an energy barrier at c/a = 1.15.
The lower and upper insets show the corresponding crystal structures, band structures, and densities
of states (DOS) for the cubic (c/a = 1) and distorted (c/a = 1.35) cases. From the band structures, we
can see that the cubic phase (c/a = 1) of Mn3Ga is close to the half-metal, with a high degree of spin
polarization. But in the tetragonal phase (c/a = 1.35), the band structure is completely different from
the cubic one, and it can also be seen that the spin polarization declines rapidly at the Fermi level from
the density of states patterns. This is mainly due to the fact that cubic symmetry is reduced after the
tetragonal distortion.

Comparing the work reported by Delin Zhang et al. [31] with that by Claudia Felser et al. [33], it
can be noted that the difference of volume can have a large impact on the ΔEtotal-c/a curves. Therefore,
we performed a series of investigations on the tetragonal distortion with different volumes to further
understand the relation between the volume and the ΔEtotal-c/a curves for Mn3Ga alloy. In Figure 2a,
we show the ΔEtotal-c/a curves of Mn3Ga alloy with different volumes (v = 17.0 nm3, 18.0 nm3,
19.0 nm3, 20.0 nm3, 21.0 nm3, 22.0 nm3), which correspond to the different lattice constants in the cubic
phase. It can be seen that the shape of the ΔEtotal-c/a curves varies with the change of the volume.
There are two local energy minima in the ΔEtotal-c/a curves for all the Mn3Ga alloys with different
volumes. For V = 17.0 nm3 and 18.0 nm3, the total energy of cubic phase is lower than that of the
tetragonal phase, which indicates that the cubic phase is more stable than the tetragonal phase. As the
volume expands to higher level than 19.0 nm3, the total energy of the tetragonal phase becomes lower
than the cubic phase. At same time, the energy barrier from the cubic phase to the tetragonal phase
gradually decreases with the increasing volume, and finally, disappears at V = 21.0 nm3. This indicates
that the tetragonal phase becomes a more stable phase with the expanding volume, and it becomes
easier to transform from the cubic phase to the tetragonal phase. So, from the ΔEtotal-c/a curves with
different volume of Mn3Ga, it is clear that a very small change of the volume can lead to a great change
of the shape of the ΔEtotal-c/a curves. In other word, the phase stability of Mn3Ga Heusler alloys
is very sensitive to the change of the volume. For the Mn3Ga systems, we can adjust the volume to
achieve the alloys with different structures as well as possible martensitic transformations.

17



Appl. Sci. 2019, 9, 964

Figure 1. Total energy difference (per formula unit) relative to the cubic phase as a function of c/a for
Mn3Ga alloy (ΔEtotal = Etotal(c/a) − Etotal(c/a = 1). The lower insets show the corresponding crystal
structures and the upper insets show the band structures and densities of states for the cubic (c/a = 1)
and distorted (c/a = 1.35) phases.

A good way to adjust the volume is to dope similar elements into the matrix. Therefore,
next, we extend the research scope to all the other Mn3Z (Z = Al, In, Tl, Si, Ge, Sn, Pb) alloys.
We perform systematical investigations on ΔEtotal-c/a curves for these alloys under their respective
equilibrium cell volumes, which are achieved by their equilibrium lattice constant in the cubic structure.
The equilibrium lattice constants in the cubic structure are 5.6 Å, 5.95 Å, 6.01 Å, 5.53 Å, 5.61 Å, 5.87 Å,
and 6.01 Å for Mn3Z (Z = Al, In, Tl, Si, Ge, Sn, Pb) alloys respectively. Their ΔEtotal-c/a curves are
shown in Figure 2b. For a clear analogy, the ΔEtotal-c/a curve of Mn3Ga is also replotted in Figure 2b,
in which one can see that, similar to Mn3Ga alloy, there are two local energy minima in the ΔEtotal-c/a
curves for all the other Mn3Z alloys. One energy minimum is at c/a = 1 (cubic phase), and the other is
at c/a = 1.35 (tetragonal phase), except for Mn3Ge, where it is at c/a = 1.4. From Figure 2b, we can
observe that when Z is cognate element, the ΔEtotal of the tetragonal phase at c/a = 1.35 (for Mn3Ge
at c/a = 1.4) decreases gradually with the increase of atomic number. It is also clear that the smaller
the atomic number, the smaller the volume of compound. The cubic phase is more stable than the
tetragonal phase for the compounds with a small volume, such as Mn3Al, Mn3Ga, Mn3Si, and Mn3Ge.
And the tetragonal phase is more stable in energy for the compounds with bigger atomic number, such
as Mn3In, Mn3Tl, Mn3Sn and Mn3Pb.

The energy barrier between the two local energy minima is crucial to the occurrence of martensitic
transformation (or reverse transformation) from the cubic (tetragonal) to tetragonal (cubic) phase.
When the energy barrier is higher than the driving forces of phase transformation, the compound
is stable in one of two local energy minima, and the martensitic transformation can not occur in the
compound. Conversely, when the energy barrier is lower than the driving force of phase transformation,
martensitic transformation may occur in the compound. In addition, from Figure 2b, it can be found
that when the Z atom varies from Al to Tl (Si to Pb), the energy barrier exhibits a maximum at Mn3Ga
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(Mn3Sn) for ΔEtotal, and the local energy minimum of tetragonal phase changes from positive to
negative value with the increasing atomic number.

All the above results imply that the atomic radius of the main group element Z has a great influence
on the volume. We can mix different Z elements to obtain Mn3Z alloys with the different volumes
and stable phases. It should be noted that a thermoelastic martensitic transformation from cubic to
tetragonal phase may also occur in the Mn3Z alloys, since the energy barrier can be flexibly regulated
by the mixture of different Z elements. So, the Mn3Z alloys have the potential to be developed into a
series of magnetic shape memory alloys originating from thermoelastic martensitic transformation.

Figure 2. (a) Total energy as functions of c/a ratio for Mn3Ga alloy with different volume (V = 17.0 nm3,
18.0 nm3, 19.0 nm3, 20.0 nm3, 21.0 nm3, 22.0 nm3). (b) Total energy difference (per formula unit) relative
to the cubic phase as a function of c/a for Mn3Z (Z = Al, Ga, In, Tl) and (c) for Mn3Z (Z = Ge, Sn,
Pb) alloys.

It is well known that with the increase of the distance between the main group Z atom and the
nearest neighbor Mn(A) and Mn(C), the hybridization strength of the p-d orbitals between Z and
Mn(A/C) atoms is weakened [34]. Before we start to analyze the magnetic properties, we perform an
investigation on the change of the relative position of the atoms in Mn3Z alloys during the tetragonal
distortion. As shown in Figure 3a, the distance between Z and Mn(B) and the distance between
Mn(A) and Mn(C) along the c axis increase linearly with the increase of the c/a ratio in the process of
tetragonal distortion, while the distance between Z and Mn(B) and the distance between Mn(A) and
Mn(C) along the a or b axis decreases linearly with the increase of the c/a ratio. Figure 3b show the
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changing curve of the distance between two nearest-neighbor atoms with the change of c/a ratio. It is
clear that the distance of between two nearest neighbor atoms decreases first, and then increases with
the increase of the c/a ratio and get a minimum at c/a = 1.

Figure 3. The change of interatomic distance in the process of tetragonal distortion for Mn3Ga alloy
(the lattice constant of cubic structure is 5.65 Å): (a) The red circle represents the distance between Ga
and Mn(B) and the distance between Mn(A) and Mn(C) along c axis. The blue triangle represents the
distance between Ga and Mn(B) and the distance between Mn(A) and Mn(C) along a or b axis. (b) The
changing curve of the distance between two nearest neighbor atoms with the change of c/a. The thick
lines between the atoms in the inset indicate the corresponding interatomic distance).

Next, we will compare and analyze the atomic magnetic moments for the Mn3Ga alloy with
different volumes, and all the other Mn3Z alloys with the equilibrium volume, which are shown in
Figures 4 and 5. As we know, with the increase of the lattice constant, the distance between atoms
increases, which leads to the weakening of covalent hybridization between atoms. The weakened
covalent hybridization will result in an increase of atomic magnetic moments in the Heusler
alloys [35,36]. When we compress the lattice along the c-axis (c/a < 1), we see that the dependence of
the magnetic moment of Mn(A/C) on c/a ratio shows three different tendency ranges with the change
of the volume for Mn3Ga alloy, as shown in Figure 4a. (1) When the volume is small (V = 17 nm3), the
magnetic moment of Mn(A/C) atom shows a sharp decrease with the increase of c/a. (2) When the
volume is in the range of 18 nm3~20 nm3, the magnetic moment of Mn(A/C) almost remains constant
with the increase of c/a, which indicates that the moment is very stable against the compressive strain
along the c-axis. (3) When the volume is higher than 21 nm3, the magnetic moment of Mn(A/C)
increases slowly with the increase of c/a.

Figure 4. The atomic magnetic moments of Mn(A/C) (a) and Mn(B) (b) as functions of c/a ratio for
Mn3Ga alloy with different lattice constants.
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Figure 5. The atomic magnetic moments of Mn(A/C) (a,b) and Mn(B) (c,d) as functions of c/a ratio for
Mn3Z (Z = Al, Ga, In, Tl, Si, Ge, Sn, Pb) alloys.

The three different changing trends of the Mn(A/C) moment are due to the change of covalent
hybridization between these atoms with the changing tetragonal distortion ratio [37]. There are
three kinds of possible covalent hybridizations, i.e., between Ga and Mn(A/C), between Mn(A)
and Mn(C) along c axis and between Mn(A/C) and Mn(B), which compete to determine the atomic
magnetic moments. When c/a < 1, with the increase of the c/a ratio, the following occurs: (1) The
distance between Ga and Mn(A/C) decreases, which leads to the strengthened p-d orbital covalent
hybridization between Ga and Mn(A/C). Thus, the magnetic moment of Mn(A/C) decreases with
the increase of c/a ratio. (2) The distance between Mn(A) and Mn(C) along the c axis increases, and
the d-d orbital covalent hybridization between them was weakened. So, the magnetic moment of
Mn(A/C) increases. (3) The distance between Mn(A/C) and Mn(B), namely, the distance between
two nearest neighbor atoms, decreases and the d-d covalent hybridization is strengthened. Thus, the
magnetic moments of Mn(A/C) and Mn(B) show a decrease trend. According to the above phenomena,
it can be observed that when the volume is small (v = 17 nm3), the d-d orbital covalent hybridization
between Mn(A) and Mn(C) atoms plays a dominant role to lead to a sharp decrease of the magnetic
moment of Mn(A/C) with the increase of c/a. When the volume is greater than 21 nm3, the p-d orbital
covalent hybridization between Ga and Mn(A/C) and the d-d orbital covalent hybridization between
Mn(A/C) and Mn(B) atoms are the main contributors. As for the cases of 18~20 nm3, which have
moderate distances among atoms, the p-d orbital covalent hybridization between Ga and Mn(A/C),
the d-d orbital covalent hybridization between Mn(A) and Mn(C) atoms, and the d-d orbital covalent
hybridization between Mn(A/C) and Mn(B) atoms counteract each other. Thus, the magnetic moment
of Mn(A/C) remains almost unchanged with the increase of c/a.

From Figure 4a, it can also be seen that when c/a > 1, the moment of Mn(A/C) first increases and
then generates a downward trend. We might consider the case of c/a < 1 to understand the situation.
Firstly, with the increase of c/a ratio, the distance between Mn(A/C) and Ga (also Mn(B)) increases. So,
the p-d (d-d) covalent hybridization decreases and the moment of Mn(A/C) increases. Secondly, the
distance between Mn(A) and Mn(C) atoms along c axis increases. Thus, the d-d covalent hybridization
was weakened and the magnetic moments of Mn(A/C) increase. Thirdly, with the increase of c/a
ratio, the distance between the Mn(A) and Mn(C) along the a or b axis decreases, which leads to the
strengthened of d-d covalent hybridization between them and a decrease of the Mn(A/C) moment. So,
we can know that the Mn(A/C) magnetic moment increases first, and then decreases with the increase
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of c/a, which may be attributed to the change of covalent hybridization originating from the change of
interatomic distance. Furthermore, with the increase of volume, the position of the inflection point to
go down gradually shifts to the right. This is because Mn3Ga alloy with larger volume needs a larger
degree of distortion (a larger c/a ratio) to make the distance between Mn(A) and Mn(C) along the a or
b axes sufficiently small to achieve the same strength of d-d orbital covalent hybridization.

The magnetic moment of Mn(B) as a function of c/a ratio is plotted in Figure 4b for Mn3Ga alloys
with different volumes. In the process of tetragonal distortion, the distance between Ga and Mn(B)
atoms along the c axis gradually increases, and the p-d orbital covalent hybridization between these
atoms gradually weakens, which makes the Mn(B) moment continue to increase. At the same time, the
distance between Ga and Mn(B) atom along the a or b axis gradually decreases with the increase of
c/a ratio. So, the p-d orbital covalent hybridization between these atoms gradually strengthens and
the Mn(B) moment decreases. Thus, we can also understand this changing behavior of the magnetic
moment of Mn(B).

Furthermore, from Figure 4b, we can see that the interatomic distance effects on the covalent
hybridization counteract each other when c/a ratio is small for Mn3Ga alloys with V = 17.0~21.0 nm3.
And the magnetic moment of Mn(B) moment is essentially unchanged. But when c/a ratio increases to
about 1.2, the p-d orbital covalent hybridization between Ga and Mn(B) atoms along the c axis plays a
major role, and the magnetic moment of Mn(B) has an upward trend. When the volume increases to
22.0 nm3, the distance between atoms is quite large, and the covalent hybridization becomes weaker.
As c/a is in the range of 0.85–1, the p-d orbital covalent hybridization between Ga and Mn(B) atoms
along the a or c axis and the d-d covalent hybridization between Mn(A/C) and Mn(B) are the main
contributors, and the magnetic moment of Mn(B) has a downward trend. For the case of c/a > 1,
both the p-d orbital covalent hybridization between Ga and Mn(B) along the c axis and the d-d
covalent hybridization between Mn(A/C) and Mn(B) make the magnetic moment of Mn(B) show an
upward trend.

We can see that the magnetic moments of Mn(A/C) and Mn(B) as functions of c/a ratio are very
similar to Mn3Ga alloy for all the other Mn3Z (Z = Al, In, Tl, Si, Ge, Sn, Pb) alloys, as shown in Figure 5.
As different main group elements have different atomic radii, the distance between atoms can be
tuned by changing the main group element in Mn3Z which is similar to that in Mn3Ga alloy with
different volume.

4. Conclusions

In summary, the structural and magnetic properties of tetragonal Heusler alloys Mn3Z (Z = Ga, In,
Tl, Ge, Sn, Pb) have been systemically investigated by the first-principles calculations. The calculations
indicate that the stability of the system is very sensitive to changes of volume. And the volume can be
tuned by changing the main group element in Mn3Z alloys. The p-d and d-d covalent hybridization
play very important roles during the tetragonal distortion, and have great influence on the atomic
magnetic moments in Mn3Z alloys.
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Abstract: In atomic GdFe2 films capped by 4d and 5d transition metals, we show that skyrmions with
diameters smaller than 12 nm can emerge. The Dzyaloshinskii–Moriya interaction (DMI), exchange
energy, and the magnetocrystalline anisotropy (MCA) energy were investigated based on density
functional theory. Since DMI and MCA are caused by spin–orbit coupling (SOC), they are increased
with 5d capping layers which exhibit strong SOC strength. We discover a skyrmion phase by using
atomistic spin dynamic simulations at small magnetic fields of ∼1 T. In addition, a ground state that a
spin spiral phase is remained even at zero magnetic field for both films with 4d and 5d capping layers.

Keywords: skyrmion; Dzyaloshinskii–Moriya interaction; exchange energy; magnetic anisotropy

1. Introduction

In the sphere of magnetic memory storage (especially in spintronics), magnetic skyrmions,
which are localized topologically protected spin structures, are promising candidates due to their
unique properties [1–3]. Even though skyrmions have long been investigated by simulations such
as micromagnetic and phenomenological model calculations [4–6], the experimental discovery of
skyrmions was came about very recently in bulk MnSi [7]. Since then, researchers have focused on
observing stabilized skyrmions experimentally in not only bulk crystals [8,9], but also thin films and
multilayers [10–14].

At room temperature, Neél-type skyrmions with a diameter of ∼50 nm are found in multilayer
stacks, such as Pt/Co/Ta and Ir/Fe/Co/Pt [15,16]. However, to use them in memory and logic devices,
a further reduction in skyrmion sizes is necessary. As a result of the decreasing stability of small
skyrmions at room temperature, thicker magnetic layers are required to increase stability [17,18].
For multilayer systems consisting of ferromagnet and heavy metals, interfacial anisotropy and the
strength of Dzyaloshinskii–Moriya interaction (DMI) reduces as the thickness of ferromagnetic layer
increases. Moreover, the skyrmion Hall effect is a challenge when it comes to moving skyrmions in
electronics devices [19–21]. Amorphous rare-earth–transition-metal (RE–TM) ferrimagnets are one of
the potential materials to overcome these challenges. Their Intrinsic perpendicular magnetocrystalline
anisotropy (MCA) gives an advantage in stabilizing skyrmions by using relatively thick magnetic
layers (∼5 nm) [22]. Another advantage of RE–TM alloys is that the skyrmion Hall effect is largely
reduced by the near zero magnetization of RE–TM alloys [23]. Furthermore, in perspective of the
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applications, all-optical helicity-dependent switching (AO-HDS) has been shown in RE–TM alloys due
to its ultrafast switching. Recently, AO-HDS has been demonstrated in RE–TM alloys using a circularly
polarized laser. As a result, RE–TM alloys have drawn interest in the field of skyrmions research.

In recent, large skyrmions with diameter of ∼150 nm have been observed in Pt/GdFeCo/
MgO [24], and skyrmion bound pairs are found in Gd/Fe multilayers [25]. However, further tuning is
essential to reduce the size of skyrmions in RE–TM alloys.

In the present paper, magnetic properties such as DMI, MCA, and magnetic phase transition are
investigated in atomic GdFe2 films capped by 4d and 5d transition metals (TMs) using first principles
density functional theory (DFT) calculations and atomistic spin dynamics simulations. We recognize
that the 5d TMs give rise to a large DMI and strong MCA due to their large spin–orbit coupling (SOC)
and orbital hybridization with 3d bands of Fe atom. Firstly, an extended Heisenberg model is studied
by using atomistic spin dynamics. Then, we parameterize an extended Heisenberg model from DFT
calculations. According to the phase diagram observed at zero temperature, there are phase transitions
under externally applied magnetic fields of the order of ∼1 T. The magnetic phase changes from the
spin spiral state to the ferromagnetic state via skyrmion lattice, the diameters of isolated skyrmions
amount to 6 to 15 nm depending on the capping layers.

2. Methods

We used DFT as implemented in the Quantum Espresso [26] and Fleur code [27] to investigate
the electronic and magnetic properties of GdFe2/TMs film. For the TMs capping layers, we have
considered Ru, Rh, Pd, and Ag in 4d and Os, Ir, Pt and Au in 5d. For the exchange–correlation potential
we adapted the generalized gradient approximation (GGA). The wave functions were expanded by a
plane-wave basis set with an optimized cutoff energy of 350 Ry, and the Brillouin zone was sampled
via a 12× 12× 1 k-point mesh. Different mesh values from 36 to 256 were tested to ensure the precision
of our calculations, with the convergence criterion being 0.1μeV. The convergence with respect to
cutoff was also carefully checked.

Total energy E(q) is calculated along the paths of Γ̄-K̄ and Γ̄-M̄ which have the highest symmetry
among other directions in the two-dimensional Brillouin zone (2D BZ). E(q) with and without SOC [28]
are separately displayed in Figure 1. In the 2D BZ, we characterize spin spiral phase using the wave
vector q with a constant angle of φ, where φ is defined as q·R.

Figure 1. Energy dispersion E(q) of homogeneous cycloidal flat spin spirals in high-symmetry direction
Γ̄-K̄ for (a) GdFe2/Rh and (b) GdFe2/Rh films. Filled and empty symbols represent E(q) with and
without SOC, respectively. The energy is given relative to the magnetic ground state. The dispersion is
fitted to the Heisenberg model (dotted line) and includes the DMI and MCA (solid line).
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In order to examine the magnetically characteristic of GdFe2 films with TM capping layers, we
adopt the atomistic spin model given by References [29–31]:

H = −∑
ij

Jij(mi · mj)− ∑
ij

Dij(mi × mj) + ∑
i

K(mz
i )

2 − ∑
i

μs(B · mi). (1)

By using Equation (1), we can describe the magnetic interactions between two neighbor Fe atoms
with spins of Mi and Mj at sites Ri and Rj, respectively. Here, mi is defined as Mi/μs. Both energy
dispersion curves (with and without SOC) are calculated and fitted to extract the parameters for the
exchange interactions (Jij) and the DMI (Dij).

We then compute the magnetic state by solving the Landau–Lifshitz–Gilbert (LLG) equation,

dSi
dt

= −γ′Si × (Beff
i + Bth

i )− γ′αSi × [Si × (Beff
i + Bth

i )]. (2)

Here α denotes the Gilbert damping parameter. When γ is the gyromagnetic ratio, γ′ represents
γ

1 + α2 . Beff
i is the effective magnetic field at site i, and Bth

i is the thermal noise. The LLG simulations

were done with mumax3 [32]. For the present systems we use material parameters obtained from
DFT: K = 2–14 meV and D = 0.2–1.6 meV (see Figure 2). To verify the numerical stability of the
simulations, calculations with different cell sizes were performed. Finally, the thin films are discretized
in a 400 × 400 × 2 mesh with periodic boundary conditions in in-plane directions.

Figure 2. (a) Total magnetocrystalline anisotropy (MCA) energy and (b) effective
Dzyaloshinskii–Moriya interaction (DMI) of GdFe2 with TM capping layer.

The MCA energy was calculated using the force theorem and defined as the total energy difference
between the magnetization perpendicular to the [100]-plane and parallel to the [100]-plane. Therefore,
MCA energy EMCA = E[100] − E[001], where E[100] and E[001] are the total energies with the magnetization
aligned along the [100] and [001] of the magnetic anisotropy, respectively.

3. Results and Discussion

The in-plane lattice constant of 7.32 Å was taken from the experimental lattice constant of Laves
phase of GdFe2, with lattice mismatches of 3.6% (Rh)–14.2% (Os), as depicted in Figure 3a. From the
total energy calculation, it was confirmed that the hollow site is the most energetically favorable to
stack the TM layer (see Figure 3). The atoms of GdFe2 and TM capping layer were fully relaxed by
atomic force calculations.
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Figure 3. (a) Side view and top view of GeFe2 film capped by a transition-metal (TM) monolayer. Blue,
gray, and red balls represent Gd, Fe, and TM atoms, respectively. TM atoms are on the hollow site of
GeFe2; (b) Interface distances between the TM capping layer and GeFe2 after structural optimization;
(c) Magnetic moments of TM atoms, induced by GeFe2.

After structural optimization, the interface distances between the TM capping layer and the
GdFe2 is presented in Figure 3b. As the atomic number becomes larger in the 4d and 5d TMs , the
interlayer distances increase monotonically. Induced spin moments of the TMs for TM/GdFe2 are
presented in Figure 3c. The Rh and Ir capping layers, which are the Co-group elements, are found to
have the largest moments of 0.98 and 0.80 μB. For all of the TM/GdFe2, the direction of magnetization
is favored to perpendicularly orientate to the film plane. Interestingly, the MCA energy and DMI of
GdFe2 films capped by 5d TMs are significantly larger than those of GdFe2 with 4d TMs. In particular,
the Ir-capped GdFe2 film exhibits the largest MCA energy of 14.1 meV and effective DMI of 1.6 meV.
We attribute the substantial enhancement of MCA energy and DMI in GdFe2 with the 5d capping layer
to the strong SOC of the 5d orbitals because the SOC is proportional to the fourth power of the atomic
number. Since the 4d also exhibit similar trend with 5d, Rh has the largest magnetic moments and
MCA energy among other 4d TMs. This is related to the band-filling effect and orbital hybridization.

The calculated energy dispersion E(q) of spin spirals is presented in Figure 1 along the
high-symmetry direction, Γ̄-K̄ for GdFe2 capped by Rh and Ir which exhibit the largest magnetic
moment, MCA energy, and effective DMI among the 4d and 5d TM elements, respectively. In the
results without SOC, a minimum point of the energy dispersion is observed at the Γ̄ point, and it
degenerates for right-(q > 0) and left-rotating (q < 0) spirals. For both Rh- and Ir-capped films, it is
confirmed that the out-of-plane direction is an easy magnetization axis due to SOC (see Figure 2a).
As a result of imperfect inversion symmetry at the interface, the SOC for spin spirals derives DMI in
system [33,34]. Therefore, DMI leads to non-collinear spin structures with the magnetic moments on
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an oblique angle. In case of the inclusion of the DMI, the E(q) has the lowest value for a homogeneous
cycloidal flat spin spiral state with a particular rotational sense [35]. As presented in Figure 1, an
energy minimum of −0.50 meV/atom and −0.35 meV/atom compared to the ground magnetic state
appears for a right-rotating spin spiral for GdFe2 films with Rh and Ir capping, respectively.

A skyrmion can be considered to be an intermediate state between spin spiral state and
ferromagnetic state in a magnetic material because it rises from the competition between the exchange
interaction that is responsible for the ferromagnetic state and the anisotropic exchange that generates
spin spiral behavior. To investigate the magnetic phase transitions in GdFe2/Rh and GdFe2/Ir under
the external magnetic field at 0 K, we have performed atomistic spin-dynamics simulations using
the model described by Equation (1). Using the parameters obtained from DFT, the magnetic phase
diagrams is displayed in Figure 4a,b. For both films capped by Rh and Ir, the ground magnetic state is
a spin spiral consistent with the energy minimum at zero applied magnetic field. However, for the
film capped by Rh, the skyrmion lattice is energetically stable at a critical field value of ∼1.12 T, and
this skyrmion lattice phase is changed to the ferromagnetic phase by a larger critical field value of
∼2.25 T. For the film capped by Ir, the skyrmion lattice emerges at relatively weak field of 0.75 T, and
disappears for a large filed of ∼1.74 T.

Figure 4. Phase diagrams for the (a) GdFe2/Rh and the (b) GdFe2/Ir films at zero temperature.
The relative energies of the spin spiral states, skyrmion lattice, and ferromagnetic state are shown.
The red, green, and blue colors represent the regime of the spin spiral states, skyrmion lattice, and
ferromagnetic state, respectively. (c) Radii of skyrmions in the films of GdFe2/Rh and GdFe2/Ir as a
function of the applied magnetic field. (d) Schematic representation of possible spin configurations in a
magnetic material with Dzyaloshinsky–Moriya interaction for different values of an external field.

In our simulation, the spin structure is relaxed using spin dynamics. As shown in Figure 4c,
skyrmions with a diameter of ∼2–4 nm emerge under external magnetic fields of 1–2 T for both Rh-
and Ir-capped GdFe2. The size of skyrmions decreases rapidly with the increasing value of applied
magnetic field. For deeper insights into the skyrmion size, the diameter has been computed for isolated
single skyrmions in two different ways: (i) Using the fixed MCA energy and exchange constants
obtained from DFT calculation but varying the DMI value; (ii) using fixed DMI obtained from DFT
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but varying the MCA. From these calculations we confirmed that the skyrmion size decreases with
reduced DMI but it expands with reduced MCA.

4. Conclusions

The creation of extremely small, isolated and stabilized skyrmions of sizes of few nanometers in
GdFe2 films can be predicted by 4d and 5d TMs capping. While the atomistic spin model behavior
was studied by spin dynamics simulations, first-principles parameters were obtained from density
functional theory calculations. For future experimental work, this simulation work guides us in the
exploration of novel skyrmion systems.

Author Contributions: conceptualization, S.J.; methodology, S.J. and A.D.; data curation, D.P. and X.Z.; writing
draft, S.J., A.D., D.P., and X.Z.; project administration, S.J. and A.D.

Funding: This research was funded by ETH Zürich central funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Fert, A.; Cros, V.; Sampaio, J. Skyrmions on the track. Nat. Nanotechnol. 2013, 8, 152. [CrossRef]
2. Wiesendanger, R. Nanoscale magnetic skyrmions in metallic films and multilayers: A new twist for

spintronics. Nat. Rev. Mater. 2016, 1, 16044. [CrossRef]
3. Kiselev, N.; Bogdanov, A.; Schäfer, R.; Rößler, U. Chiral skyrmions in thin magnetic films: New objects for

magnetic storage technologies? J. Phys. D Appl. Phys. 2011, 44, 392001. [CrossRef]
4. Bogdanov, A.N.; Yablonskii, D.A. Thermodynamically stable “vortices” in magnetically ordered crystals.

The mixed state of magnets Sov. Phys. JETP 1989, 68, 101.
5. Bogdanov, A.; Hubert, A. Thermodynamically stable magnetic vortex states in magnetic crystals. J. Magn.

Magn. Mater. 1994, 138, 255–269. [CrossRef]
6. Bogdanov, A.; Rößler, U. Chiral symmetry breaking in magnetic thin films and multilayers. Phys. Rev. Lett.

2001, 87, 037203. [CrossRef]
7. Mühlbauer, S.; Binz, B.; Jonietz, F.; Pfleiderer, C.; Rosch, A.; Neubauer, A.; Georgii, R.; Böni, P. Skyrmion

lattice in a chiral magnet Science 2009, 323, 915.
8. Wilhelm, H.; Baenitz, M.; Schmidt, M.; Rößler, U.; Leonov, A.; Bogdanov, A. Precursor phenomena at the

magnetic ordering of the cubic helimagnet FeGe. Phys. Rev. Lett. 2011, 107, 127203. [CrossRef]
9. Münzer, W.; Neubauer, A.; Adams, T.; Mühlbauer, S.; Franz, C.; Jonietz, F.; Georgii, R.; Böni, P.; Pedersen, B.;

Schmidt, M.; et al. Skyrmion lattice in the doped semiconductor Fe1−xCoxSi. Phys. Rev. B 2010, 81, 041203.
[CrossRef]

10. Yu, X.Z.; Kanazawa, N.; Onose, Y.; Kimoto, K.; Zhang, W.Z.; Ishiwata, S.; Matsui, Y.; Tokura, Y. Near
room-temperature formation of a skyrmion crystal in thin-films of the helimagnet FeGe Nat. Mater. 2011,
10, 106.

11. Tonomura, A.; Yu, X.; Yanagisawa, K.; Matsuda, T.; Onose, Y.; Kanazawa, N.; Park, H.S.; Tokura, Y. Real-space
observation of skyrmion lattice in helimagnet MnSi thin samples. Nano Lett. 2012, 12, 1673–1677. [CrossRef]
[PubMed]

12. Heinze, S.; Von Bergmann, K.; Menzel, M.; Brede, J.; Kubetzka, A.; Wiesendanger, R.; Bihlmayer, G.; Blügel, S.
Spontaneous atomic-scale magnetic skyrmion lattice in two dimensions. Nat. Phys. 2011, 7, 713. [CrossRef]

13. Romming, N.; Hanneken, C.; Menzel, M.; Bickel, J.E.; Wolter, B.; von Bergmann, K.; Kubetzka, A.;
Wiesendanger, R. Writing and deleting single magnetic skyrmions. Science 2013, 341, 636–639. [CrossRef]
[PubMed]

14. Romming, N.; Kubetzka, A.; Hanneken, C.; von Bergmann, K.; Wiesendanger, R. Field-dependent size and
shape of single magnetic skyrmions. Phys. Rev. Lett. 2015, 114, 177203. [CrossRef] [PubMed]

15. Woo, S.; Litzius, K.; Krüger, B.; Im, M.Y.; Caretta, L.; Richter, K.; Mann, M.; Krone, A.; Reeve, R.M.;
Weigand, M.; et al. Observation of room-temperature magnetic skyrmions and their current-driven dynamics
in ultrathin metallic ferromagnets. Nat. Mater. 2016, 15, 501. [CrossRef] [PubMed]

30



Appl. Sci. 2019, 9, 630

16. Soumyanarayanan, A.; Raju, M.; Oyarce, A.G.; Tan, A.K.; Im, M.Y.; Petrović, A.P.; Ho, P.; Khoo, K.; Tran, M.;
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Abstract: The effects of doping on the electronic and magnetic properties of the quaternary Heusler
alloy TiZrCoIn were investigated by first-principles calculations. Results showed that the appearance
of half-metallicity and negative formation energies are associated in all of the TiZrCoIn1−xGex

compounds, indicating that Ge doping at Z-site increases the stability without damaging the
half-metallicity of the compounds. Formation energy gradually decreased with doping concentration,
and the width of the spin-down gap increased with a change in Fermi level. TiZrCoIn0.25Ge0.75 was
found to be the most stable half-metal. Its Fermi level was in the middle of the broadened gap, and a
peak at the Fermi level was detected in the spin majority channel of the compound. The large gaps of
the compounds were primarily dominated by the intense d-d hybridization between Ti, Zr, and Co.
The substitution of In by Ge increased the number of sp valence electrons in the system and thereby
enhanced RKKY exchange interaction and increased splitting. Moreover, the total spin magnetic
moments of the doped compounds followed the Slater–Pauling rule of Mt = Zt − 18 and increased
from 2 μB to 3 μB linearly with concentration.

Keywords: quaternary Heusler alloy; doping; spin polarization; half-metallicity; magnetism

1. Introduction

Half-metallic ferromagnets [1–4] are potential candidates for spintronic applications owing to their
completely spin-polarized band structures [5–8]. Of all known materials exhibiting half-metallicity,
Heusler alloys have attracted considerable interest because of their high spin magnetic moments and
high Curie temperatures [9–11]. Original and stoichiometric full-Heusler alloys have X2YZ in their
chemical formulas, where X and Y denote transition metal elements and Z is a primary group element.
These Heuslers usually crystalize with a cubic L21 structure (space group Fm-3m, No. 255) and
individually contain four interpenetrating fcc sublattices in their ideal forms. Several theoretical and
experimental studies confirmed a series of Heusler compounds with half-metallicity [12–15]. Recently,
quaternary Heusler alloys have increasingly attracted interest [16–21] owing to their half-metallicity
and spin gapless band structures. These compounds show a distinct structural symmetry (space
group F-43m, No. 216) resulting from the partial replacement of X in X2YZ by another element X’.
This crystal structure can be defined as a LiMgPdSn prototype. Most of these compounds, such as in
Co2Mn1−xFexSi, were designed for adjusting the Fermi energy to the middle of the gap [22]. Equivalent
stoichiometric quaternary Heusler alloys have been extensively researched. CoFeMnZ compounds
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(Z=Al, Ga, Si, or Ge) with 1: 1: 1: 1 stoichiometries show half-metallicity [23]. Özdoğan et al. performed
a theoretical study on 60 LiMgPdSn-type quaternary Heusler alloys and found that most of the alloys
exhibit half-metallicity [24]. Ideal properties, such as stable half-metallicity, large spin magnetic
moment, and high Curie temperature, can be observed in the ordered bulk phase. Unfortunately,
temperature, impurity, and other external factors can disrupt the completely spin-polarized band
structures and further degrade the half-metallicity of ideal compounds [25–34]. For example, in the
traditional full Heusler compound Co2MnSi, a remarkable gap with 0.4 eV in minority band at 985 K
may disappear, and only a spin polarization of 61% can be observed at a barrier interface consisting of
a single electrode made of a Co2MnSi film [35–38].

A dramatically large spin-down gap of 0.93 eV was detected in a quaternary Heusler TiZrCoIn [39].
The Ti of this compound was inclined to sit at A(0, 0, 0), Zr at B(0.25, 0.25, 0.25), Co at C(0.5, 0.5,
0.5), and In at Z(0.75, 0.75, 0.75) in the Wyckoff position coordinate. This compound might be an
excellent candidate for spin-injectors because of its extraordinary wide band gap. Its performance for
spintronic applications can be enhanced by modulating its magnetic and electronic properties on the
basis of valence-electron count. In the present work, we searched for a mixed compound in the series
TiZrCoIn1−xGex where the half-metallic behavior is stable against the variation of impurity.

2. Calculation Methods

First-principles calculations were performed with the CASTEP code on the basis of the density
functional theory (DFT). The stable ground structure of quaternary Heusler alloy TiZrCoIn was
obtained by optimizing the structure. On the basis of the stable ground structure, one, two, three,
or four Ge atoms were used to replace In atoms in a unit cell. Doping concentrations of 25%, 50%,
75%, and 100% were obtained. For the simulation of small doping concentrations of 12.5%, 6.25%,
and 3.125%, TiZrCoIn supercells with 32, 64, and 128 atoms, respectively, were produced. The In atom
was replaced by one Ge atom. Then, the correlation property calculations, such as the single point
energy, density of states (DOS), and band-structure, were performed on the minimized doped cases
obtained from the geometry optimization. In our calculations, all the electronic structure calculations
were performed with the spin polarization. Generalized gradient approximation parameterized
by Perdew [40,41] were used for the handling of the exchange and correlation term. Electron–ion
interactions were disposed with ultrasoft pseudopotentials [42]. In the SCF calculation, a refined
11 × 10−6 eV/atom was used as a convergence criterion. For the energy cutoff of the planewave,
the basis was set to 310 eV. The calculation was considered converged when the largest gradient was
less than 0.002 eV/Å. In the property calculations, the 7×7×7 special k-mesh points in Brillouin zone
were applied. The electrons of Ti 3d24s2, Zr 4d25s2, Co 3d74s2, In 5s25p1, and Ge 4s24p2 were regarded
as valence electrons.

3. Results and Discussion

3.1. Formation Energy of Doped TiZrCoIn

The formation energy of the doped systems were analyzed with respect to the ordered case and
estimated by using formula

Ef (dop) = E(dop)− E(TiZrCoIn)− ∑ miμi(bulk) (1)

where E(dop) is the total energy of the doped case, and E(TiZrCoIn) is the total energy of the ordered
TiZrCoIn structure in the same supercell size. The last term ∑ miμi(bulk) can be derived from the
number of atoms added or removed from the ideal alloy. The number of altered atoms relative to
that in the ideal bulk is represented by mi, which is either positive, when atoms are added to the
original system, or negative, when atoms are removed from system. The symbol μi(bulk) stands for
the chemical potential of the corresponding atom in its bulk phase of ground state. Experimental
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preparation conditions and annealing environment can affect the formation of these doped systems.
Thus, the formation energy of a doped structure is influenced by the chemical potential of the host
atoms, which are affected by the environment. To obtain the chemical potentials from their bulk phase,
we assumed that Ti, Zr, Co, In, and Ge are in the thermodynamic equilibrium with their bulk solid
phase in the host rich condition. The hcp, hcp, hcp, fcc, and fcc structures for the bulk phases of Ti, Zr,
Co, In, and Ge, respectively, were adopted.

The formation energy of each doped system was calculated with the formula above. The
results are shown in the first column of Table 1. All the doped systems had negative formation
energies. Thus, In atoms in the ordered phase were easily replaced by Ge atoms. The ideal bulk of
TiZrCoIn alloy was affected by the impurity Ge during growth. The variations among these values
indicated differences in stability. Lower formation energy indicates that the doped one is easier
to be formed spontaneously during the growth. It is shown in table 1 the formation energy gets
smaller with the doping concentration, which manifests the doped system tends to be formed at a
high doping concentration. The highest formation energy was obtained at a doping concentration
of 3.125%. However, it can still form spontaneously during growth owing to its negative formation
energy (−9.256 eV). The lowest formation energy was obtained at 100% doping concentration. Hence,
the doped compound (TiZrCoGe) is most likely to be fabricated experimentally compared to the other
Ge doped compounds. Meanwhile, Ge doping at Z-site may further stabilize the compound.

Table 1. Formation energies (Ef ), lattice parameters (unit in Å), spin polarizations presented as spin-up
over spin-down rations, width of spin-down gap around the Fermi level (in units of eV), and total
magnetic moments in a unit cell. Notice that x is the doping concentration.

x Ef (eV) a (Å) P( ↑−↓
↑+↓ )(%) Band Gap (eV) Mt (μB/f.u.)

x = 0 - 6.562 100 0.914 1.99
x = 3.125% −9.256 6.633 100 0.681 2.03
x = 6.25% −9.280 6.630 100 0.692 2.06
x = 12.5% −9.333 6.609 100 0.721 2.13
x = 25% −9.435 6.566 100 0.802 2.26
x = 50% −9.604 6.496 100 0.904 2.50
x = 75% −9.776 6.427 100 0.960 2.75
x = 100% −10.109 6.356 100 1.130 3.00

3.2. Electronic Structure: Magnetic Moments and DOS

The quaternary Heusler compound TiZrCoIn with the configuration mentioned above showed
half-metallic property and a broad indirect spin-down gap of 0.914 eV at the equilibrium lattice
constant of 6.562 Å. This result fits perfectly with the previous prediction in Reference [39]. Lattice
parameters, spin polarizations, width of spin-down gap, and total magnetic moments in a unit cell
are listed in Table 1. The spin polarizations at the Fermi levels of all the doped structures were 100%.
Thus, all the derived compounds were half-metal. In addition, the magnetic moments increased from
2 μB to 3 μB at increased doping concentration.

Before the detailed analysis of doping functional mechanism in quaternary Heusler TiZrCoIn,
we initially discuss the ideal case of the compound TiZrCoIn. The spin-polarization total DOS and
the atom PDOS are presented in the first line of Figures 1 and 2, respectively. In Figure 1, the spin-up
band (shadowed area) of compound TiZrCoIn with ordered structure was metallic. Meanwhile, a wide
energy gap was observed in the spin-down band at the Fermi level. The electrons at the Fermi
level were totally polarized, and this condition resulted in 100% spin polarization. The width of
the band gap was 0.914 eV, and the Fermi level was slightly near the bottom of the band gap. Thus,
the half-metallicity of quaternary Heusler TiZrCoIn was susceptible to external influences. Meanwhile,
the gap was primarily determined by the covalent hybridization between Ti and Co, as shown in
Figure 2. The d states of Ti with low valence occupied the high energy area above the Fermi level,
thereby forming the bonding bands. By contrast, the d states of Co with high valence were located at
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the low energy area below the Fermi level, thereby forming the antibonding bands. Ti and Co atoms
have the same symmetry as in typical L21 full-Heuslers, and thus their d orbitals hybridize initially
and form five bonding d hybrids and five nonbonding ones. Then, the five bonding d hybridized
orbitals of Ti-Co hybridize with the d orbitals of the Zr atoms, thereby regenerating bonding and
antibonding states. Given the large energy separation of d hybrids of the Ti and Co atoms, the five
nonbonding d hybrids Ti-Co, namely, the t1u and eu states, possess high energies and are unoccupied.
A detailed d-d hybridization diagram is shown in Figure 3. Introduced by the sp element In, a single
degenerate s band and a triple degenerated p band, lying deep in energy, are located below the d
states and accommodate d charge from the transition metal atoms. Thus, 9 instead of 12 occupied
states are usually observed in the spin-down band. In the quaternary Huesler alloy TiZrCoIn, the
In atom carried three valence electrons, and Ti, Zr, and Co carried four, four, and nine, respectively.
Therefore, 17 transition metal electrons were found, of which 5 were cached by the s and p bands of
the In atom, 10 were filled in the bonding d bands, and 2 were uncompensated. Thus, a total spin
magnetic moment of 2 μB was observed in the compound TiZrCoIn. The total magnetic moments
followed the Slater–Pauling rule: Mt = Zt − 18, where Mt represents the total spin magnetic moments
in a unit cell, and Zt is the number of the total valence electron.

Figure 1. Total density of states (DOS) of the ordered TiZrCoIn quaternary Heusler alloy (shadowed
area) and the doped systems (solid line). Note that all DOS are transited to a primitive cell. Notice that
x in the figure is the doping concentration.

35



Appl. Sci. 2019, 9, 620

Figure 2. Partial density of states (PDOS) for the ordered TiZrCoIn quaternary Heusler alloy and the
doped systems. The orange line is the atomic PDOS for Ti atom, the blue line is for the Zr atom, the
black line is for the Co atom, the magenta line is for the In atom, and the olive line is for the Ge atom.
Notice that x in the figure is the doping concentration.

 
Figure 3. Schematic of the d-d hybridization of the ordered TiZrCoIn quaternary Heusler alloy.

Next, we will discuss the mixed compounds in the series TiZrCoIn1−xGex in detail, to look for the
compounds with better half-metallic stability. As shown in Figure 1, all the doped systems showed
half-metallicity. The bonding states moved slightly to the low energy area. The higher the doping
concentration is, the more pronounced the movement and the wider the band gaps are. The band
gaps further widened from 0.914 eV to 1.13 eV at doping concentrations of 3.125%–100%. However,
the Fermi levels shifted slightly from the middle of the gap to the edge of the gap. The bonding states
in the spin-down channel of doped cases primarily originated from the transition metal Co with high
valence, as shown in Figure 2. Meanwhile, the antibonding d states primarily came from the transition
metal Ti with low valence. The d orbitals of Ti and Co atoms hybridized initially because of their
identical symmetries. Then, the creating bonding d states in turn hybridized with the d orbitals of
the Zr atoms. The outlines of the d states near the Fermi levels of Ti, Zr, and Co were nearly identical,
especially those of Ti and Co. Therefore, Ti, Co, and Zr had intense interactions. After the addition of
the doped element Ge, the number of sp valence electrons of the parent compound increased, and the
increase indirectly enhanced d-d hybridization. The d-d hybridization dominated the half-metallicity
of the compounds. Nonetheless, increase in total spin moment and energy band gap depend on the sp
atoms. This dependence plays a substantial role in the RKKY exchange interaction.
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4. Conclusions

The effects of doping on the electronic and magnetic properties of the quaternary Heusler alloy
TiZrCoIn with half-metallicity were investigated with first-principles calculations based on DFT.
The results showed that all the doped compounds carry negative formation energies and thus can be
formed during the growth of the TiZrCoIn compound. The formation energy decreased with doping
concentration.It was found that the formation energy was at its lowest value (−1.13 eV) when x=1.
Namely, the quaternary Heusler alloy TiZrCoGe derived from doping showed stable half-metallicity.
In all the cases, a wide spin-minority band gap was observed at the Fermi level, and the gap widened
as the doping concentration increased. The Fermi level was located in the middle of the broadened
gap, and a peak at the Fermi level was detected in the spin majority channel when x was 0.75. Thus,
the compound TiZrCoIn0.25Ge0.75 showed high half-metallic stability. The total magnetic moments of
the doped compounds followed the Mt = Zt − 18 SP rule, increasing from 2 μB to 3 μB linearly with
doping concentration. The d-d hybridization among Ti, Zr, and Co dominated the half-metallicity,
and sp atoms (In and Ge) played an important role in the RKKY exchange interaction.
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Abstract: Electronic structure, optical, mechanical, and lattice dynamical properties of the tetragonal
MgBi2O6 are studied using a first-principles method. The band gap of MgBi2O6 calculated from
the PBE0 hybrid functional method is about 1.62 eV and agrees well with the experimental value.
The calculations on elastic constants show that MgBi2O6 exhibits mechanical stability and strong
elastic anisotropy. The detailed analysis of calculated optical parameters and effective masses clearly
indicate that MgBi2O6 has strong optical response in the visible light region and high separation
efficiency of photoinduced electrons and holes.
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1. Introduction

Currently, Bi-based oxides have received considerable attention due to their particular physical
properties and wide applications in different fields like multiferroics [1,2], superconductivity [3,4],
and photocatalysis [5,6]. Generally, Bi exists as the trivalent state (Bi3+) in most of the Bi-based oxides
like Bi2O3 [7], BiVO4 [8], Bi2WO6 [9], Bi2Sn2O7 [10], BiFeO3 [11], and BiMnO3 [12]. However, some
Bi-containing oxides with the unusual pentavalent state (Bi5+) have also attracted research interest.
For example, NaBiO3 has been found to show the absorption of visible light and can be used as a
prominent material for photooxidation of organics [13]. A recent work by Gong et al. [14] shows that
AgBiO3 can self-produce significant amounts of reactive oxygen species without light illumination or
any other additional oxidant and has an excellent oxidizing reactivity. BaBiO3, as one kind of Bi-based
oxides containing Bi3+ and Bi5+ mixed valent states, has been found to show the potential use for
the absorber of all-oxide photovoltaics [15] and can be an active photocatalyst under visible-light
irradiation [16].

MgBi2O6 adopting the trirutile-type structure is also a Bi5+-containing compound.
Kumada et al. [17] first successfully prepared MgBi2O6 by the low-temperature hydrothermal method
and characterized its crystal structure in detail. In 2003, Mizoguchi et al. [18] investigated the optical
and electrical properties of MgBi2O6 and found that MgBi2O6 is a degenerate n-type semiconductor
with the band gap of about 1.8 eV, and it is possible to produce an optical band gap that extends into
the visible region of the spectrum by tuning the Bi5+ 6s–O 2p interaction in order to produce a disperse
conduction band. The band structure makes MgBi2O6 a good candidate of visible light-sensitive
photocatalysts for decomposition of organic species. Comparing with other pentavalent bismuthates
such as LiBiO3, NaBiO3, KBiO3, ZnBi2O6, SrBi2O6, AgBiO3, BaBi2O6, and PbBi2O6, MgBi2O6 does not
possess the highest photocatalytic activity, but there is no adsorption observed in the decomposition
of methylene blue [19]. It may be a good idea to adjust the wide band gap of some traditional
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photocatalysts such TiO2 by building complex compounds with MgBi2O6. In our recent work, the
photocatalytic activity of MgBi2O6 has been found to be significantly enhanced via constructing
AgBr/MgBi2O6 heterostructured composites [20]. Theoretically, the band gap of MgBi2O6 was
calculated to be about 1.10 eV using the Heyd-Scuseria-Ernzerhof (HSE) functional method within the
framework of the density functional theory (DFT), and was found to be widely tuned by applying
external strain [21]. On the basis of theoretical calculations, however, the deeper understanding of the
physical properties of MgBi2O6 is still in lacking. In this work, we investigated the electronic structure,
optical, mechanical, and lattice dynamical properties MgBi2O6 using first-principles calculations.

2. Computational Details

All calculations were carried out using the Vienna ab-initio simulation package (VASP) [22,23],
which is an implement of DFT. The projector augmented wave (PAW) method [24,25] was used to
describe the ion-electron interactions. The generalized gradient approximation (GGA) parameterized
by Perdew, Burke and Ernzerhof (PBE) [26] was applied for the exchange-correlation function.
The cutoff energy for the plane wave basis set was fixed at 500 eV. The Brillouin zone is sampled by a
Monkhorst-Pack type k-point mesh with density of 2π × 0.03 Å−1. Full relaxation of MgBi2O6 unit
cell was performed until the changes in total energy and force on each atom are less than 10−5 eV and
10−3 eV/Å, respectively. In this work, Mg-3s, Mg-2p, Bi-6s, Bi-6p, O-2s, and O-2p states are taken as
valence electrons. Based on the DFT calculation, a more accurate screened coulomb hybrid functional
(HF) developed by Heyd, Scuseria, and Ernzerhof (PBE0) [27,28] (containing 30% of the exact exchange,
and 70% of the PBE exchange, and 100% of the PBE correlation energy in this work) was used to
calculate the electronic structure. In the calculations of optical properties, a dense k-point density of
2π × 0.015 Å−1 including the Γ point was used to ensure the accurate precision. Moreover, 88 extra
empty bands are included in the calculations to hold the excited electronic states. Phonon calculations
were performed within the framework of density functional perturbation theory to investigate the
lattice dynamical properties of MgBi2O6. The phonon dispersion curve and phonon density of states
(PDOS) were calculated by the PHONOPY code [29] on the basis of force constants obtained from
VASP code. In the phonon calculations, a 2 × 2 × 1 supercell was used.

3. Results and Discussion

3.1. Optimized Crystal Structure of MgBi2O6

At ground state, MgBi2O6 crystallizes in a tetragonal trirutile-type structure with P42/mnm
space group. It can be seen from the crystal structure depicted in Figure 1 that BiO6 and MgO6

octahedrons connect with the sharing edges and stack along the [001] direction by 2:1 ratio. In the
[110] and

[
110

]
directions, BiO6 and MgO6 octahedrons are connected with each other by sharing O

vertices. The optimized lattice constants listed in Table 1 are in good agreement with the experimental
values [17]. The BiO6 octahedrons are slightly distorted and the bond lengths of Bi-O(8j) are not
completely identical.
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Figure 1. Crystal structure of the trirutile-type MgBi2O6 represented as two different views.

Table 1. Optimized structural parameters of MgBi2O6, Bi-O and Mg-O interatomic distances.
The experimental values [17] are listed in brackets for comparison.

Lattice Constants
(Å)

Atomic Coordinates (Fractional)

Atom Site x y z

a = 4.920 (4.826) Bi 4e 0 0 0.333 (0.332)
c = 9.924 (9.719) Mg 2a 0 0 0

O1 4f 0.302 (0.305) 0.302 (0.305) 0
O2 8j 0.309 (0.307) 0.309 (0.307) 0.336 (0.335)

BiO6 octahedron MgO6 octahedron
Bi-O(1) 2.156 (2.114) × 2 Mg-O(1) 2.107 (2.084) × 2
Bi-O(2) 2.153 (2.102) × 2 Mg-O(2) 2.103 (2.073) × 4
Bi-O(3) 2.141 (2.084) × 2

3.2. Electronic Properties of MgBi2O6

To study the electronic property of tetragonal MgBi2O6, the electronic band structure along high
symmetry directions in the Brillouin zone (BZ) and density of states are calculated. The band structure
calculated by conventional DFT (dotted line in Figure 2) shows that there is a bit of overlap between
the conduction band and valence band, indicating the metallic feature of MgBi2O6. This contradicts
the experimental findings. It is well known that DFT calculations do not take into account the effects of
electron excitation and thus tend to underestimate the electronic band gap. To acquire the more accurate
results, the calculations based on the HF PBE0 method are further performed. The HF corrected band
structure (solid line in Figure 2) shows that MgBi2O6 is a direct semiconductor with a band gap of
about 1.62 eV, which is well consistent with the experimental measured data (1.6~1.8 eV) [18–20]
and larger than the previously calculated value (1.10 eV) based on the HF method [21]. The valence
band near the Fermi level (EF) is flat, while the dispersion of the conduction band close to the EF is
relative strong.
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Figure 2. Calculated electronic band structure of MgBi2O6 using hybrid functional PBE0 method.
Band structure from conventional DFT calculation (dotted line) is also presented for comparison.

The effective mass (m*) of carriers is an important parameter, because it determines the transfer
and separation efficiency of electrons and holes, and directly influences the photophysical properties
of semiconductors. m* can be calculated as follows:(

1
m∗

)
ij
=

1
�2

∂2E(k)
∂kikj

, i, j = x, y, z, (1)

where En(k) represents the band energy, k is the wave vector, and � is the reduced Planck constant.
For MgBi2O6, the effective electron mass (me

*) at the conduction band and hole mass (mh
*) at the

valence band at the Γ point are calculated and listed in Table 2. The calculated tensors of m* clearly
show that me

* is fairly isotropic and mh
* shows a relatively strong anisotropy. mh

* along the [001]
direction is larger than those along the [100] and [010] directions. The values of me

* in Table 2 are also
comparable to the previously calculated value (0.277) for MgBi2O6 [21]. Moreover, the values of mh

*

are distinctly larger than those of me
*, which indicates that the mobility of holes at the valence band is

obviously slower than that of electrons at the conduction band. The big difference in mobility between
electrons and holes is undoubtedly beneficial to the separation of charge carriers and the reduction
of the recombination rate of electron-hole pairs. In addition, the values of mh

*/me
* of MgBi2O6

are in the range of 6.2~10.9, being larger than the corresponding value (2.1) of anatase TiO2 [30]
widely investigated as an important photocatalytic material. Thus, semiconducting MgBi2O6 can be
considered as a photocatalyst with highly efficient separation of photoinduced electrons and holes.

Table 2. Calculated effective electron mass (me
*) and hole mass (mh

*) along the three principal directions
at the Γ point. All values are in units of free electron mass (m0).

Conduction Band Valence Band

Γ

⎛
⎝ 0.221 0 0

0 0.206 0
0 0 0.171

⎞
⎠

⎛
⎝ −1.572 0 0

0 −1.370 0
0 0 −1.871

⎞
⎠
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The calculated electronic total and partial density of states (DOS) of MgBi2O6 is shown in Figure 3.
It can be clearly seen that the DOS near the top of the valence band is derived from the Bi-5d, Mg-2p and
O-2p states. The bottom of the conduction band is mainly composed of O-2p, Bi-6s, and Mg-3s states.
The strong hybridizations between Bi-5d and O-2p states in BiO6 octahedrons and bonding interactions
between Mg-2p or Mg-3s and O-2p states in MgO6 octahedrons should be directly responsible for the
structural stability of MgBi2O6.

Figure 3. Calculated electronic density of states of MgBi2O6 using PBE0 method.

To get a deeper understanding of the bonding nature of Bi, Mg, and O atoms, the electron
localization function (ELF) was further calculated. According to the original definition, the ELF values
are scaled in the range from 0 to 1. The high ELF means strong covalent bonding interaction between
atoms and the very low ELF close to 0 corresponds to the ionic bonding. Figure 4 shows the calculated
ELF for (110) plane of MgBi2O6 passing through Bi, Mg, and O atoms. The ELF values between Mg
and O atoms are extremely low, indicating the ionic bonding in MgO6 octahedrons. This can be well
understood on the basis of the previously obtained recognition on MgO, which is usually considered
as one kind of classical ionically bonded compounds. The maximal value of ELF between Bi and O
atoms reaches about 0.61, which clearly identifies the partially Bi-O covalent bonding interaction in
BiO6 octahedrons.
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Figure 4. Calculated electron localization function for (110) plane across Bi, Mg, and O atoms.

3.3. Optical Properties of MgBi2O6

In order to understand the optical performance of semiconducting MgBi2O6, we calculated its
dielectric functions using the hybrid functional PBE0 method, and further computed its optical
properties such as complex refractive index n, extinction coefficient k, reflectivity R, absorption
coefficients α, and electron energy-loss function L. The calculated dielectric functions are depicted in
Figure 5. It can be clearly seen that the static dielectric function is found to be 4.1 at 0 eV. With the
increase of the polarization intensity and energy, the dielectric function, the real part ε1 is also gradually
increased and reaches a maximum value of 5.4 when the energy value is about 2.8 eV. When the photon
energy reaches 1.6 eV, which is the width of electronic band gap, the electrons in the valence bands
begin to excite and transit to conduction bands. As the carrier concentration increases, the degree of
polarization decreases and the dielectric function decreases slightly. With the further increment of
photon energy, the dielectric function values begins to fluctuate, which corresponds to the change of
carrier concentration in the crystal. The imaginary part ε2 reflects the transition between occupied and
non-occupied electrons and can be used to characterize the light absorption behavior of the crystal.
The first two peaks of the imaginary part of the dielectric function ε2 are, respectively, at about 2.0 and
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3.0 eV, which probably results from the electron transition from the top of the valence bands to the
bottom of the conduction bands.

Figure 5. Calculated complex dielectric function of MgBi2O6.

The calculated refractive index n, extinction coefficient k, absorption coefficient α, reflectivity R,
and electron energy loss function L of MgBi2O6 are shown in Figure 6. As presented in Figure 6a,
the higher value of n is in the energy range of 1.5–5.8 eV and the corresponding wavelength range is
from 214 to 826 nm, indicating that MgBi2O6 has a strong refractive effect in both ultraviolet (UV) and
visible light region. The value of k rapidly starts to increase from 2.0 eV, also showing a response in
the visible and UV light region. The calculated α in Figure 6c shows that the light absorption edge
is about 1.6 eV and is comparable with the band gap calculated by the PBE0 method. The value of
optical absorption edge also agrees with literatural values [18,20]. With the increase of energy, α also
gradually increases and a series of absorption peaks appear in the energy range from 1.6 to 27 eV.
Combining with the calculated dielectric function and density of states, we can find that the first two
absorption peaks at 4.5 and 6.0 eV are probably related to the electron migration of the O-2p, Bi-6s,
Bi-5d, and Mg-2p states. The reflectivity R and the electron energy loss function L can be used to
represent the resonant frequency of the incident light and the resonant frequency of the plasma. As
shown in Figure 6d, the average value of R is about 13.8%, indicating that MgBi2O6 can be used as a
light absorbing material. The calculated L presented in Figure 6e completely locates in the continuous
energy range of 0–45 eV, indicating that the characteristics of plasma oscillation in MgBi2O6 are not
obvious. This is strongly different from the behavior appearing in Bi2Sn2O7 [31].
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Figure 6. Calculated optical properties of MgBi2O6: (a) complex refractive index n, (b) extinction
coefficient k, (c) absorption coefficient α, (d) reflectivity R, and (e) electron energy loss function L.

3.4. Mechanical Properties of MgBi2O6

To investigate the mechanical properties of tetragonal MgBi2O6, the six independent elastic
constants Cij are calculated by applying finite distortions of the lattice. The results are listed in Table 3.
For the tetragonal system, the mechanical stability criterion [32] is given by the following relationships:

(C11 − C12) > 0, (C11 + C33 − 2C13) > 0,

C11 > 0, C33 > 0, C44 > 0, C66 > 0,

(2C11 + C33 + 2C12 + 4C13) > 0, (2)

The calculated values of Cij in Table 3 satisfy the stability criterion mentioned above, indicating
that the tetragonal MgBi2O6 has mechanical stability. As listed in Table 3, C11 is significantly smaller
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than C33, indicating that the chemical bonding strength in the (100) and (010) directions is significantly
weaker than the bonding strength in the (001) direction. In addition, C44 is obviously smaller than
C66, which demonstrates that it is easier for shear deformation to occur along the (001) direction in
comparison with the (010) direction. The shear elastic anisotropy of the material can be estimated
by the relation A = 2C66/(C11 − C12). Typically, if A has a value of 1, meaning that the material is
isotropic. The more the value of A deviates from 1, the elastic anisotropy would be more prominent.
For MgBi2O6, the calculated A value is 4.6, indicating that MgBi2O6 is highly anisotropic.

Table 3. Calculated elastic constants Cij, bulk modulus B, shear modulus G, Young’s modulus E, and
Poisson’s ratio υ of MgBi2O6.

Elastic Constants (GPa) Mechanical Moduli (GPa) υ

C11 C12 C13 C33 C44 C66 B G E

171.8 110.4 98.1 280.3 66.2 141.9 137.7 76.2 193.0 0.27

For the tetragonal system, the bulk modulus B and the shear modulus G are calculated as follows:

B = (2C11 + C33 + 2C12 + 4C13)/9, (3)

G = (2C11 + C33 − C12 − 2C13 + 6C44 + 3C66)/15, (4)

Young’s modulus E and Poisson’s ratio υ can be estimated from the bulk and shear moduli

E = 9BG/(G + 3B), (5)

υ = (3B − 2G)/[2(3B + G)], (6)

The calculated B, G, E, and υ are listed in Table 3. The B/G value is about 1.81. According to
Pugh’s criteria of brittleness and ductility [33], MgBi2O6 exhibits some toughness, but it is not obvious,
which is consistent with the Poisson’s ratio υ = 0.27. In addition, the elastic anisotropy of MgBi2O6

can be directly determined by the direction-dependent Young’s modulus. The Young’s modulus in a
specific direction can be expressed by the elastic compliances (s′):

E′ = 1
s′ , (7)

with
s′ = A1i A1j A1k A1l sijkl , (8)

where A is the matrix associated with the change of axes:

A11 = cos θ sin ϕ, A12 = sin θ sin ϕ, A13 = cos ϕ, (9)

Using the reduction of sijkl for the tetragonal crystal class [34], the reduced Young’s modulus with
orientation can be expressed as follows:

E′ = 1{
s11 + [s66 − 2(s11 − s12)]

sin2 θ
4

}
sin4 θ + s33 cos4 θ + (2s13 + s44)

sin2 2ϕ
4

, (10)

The calculated directional dependence of Young’s modulus depicted in Figure 7 is a significantly
distorted spherical shape. The calculated values along the [001], [110], and [-110] directions are
obviously larger than those along the [100] and [010] directions. Tetragonal MgBi2O6 exhibits the
highly elastic anisotropy.
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Figure 7. Directional dependence of Young’s modulus (in GPa) of MgBi2O6.

3.5. Lattice Dynamical Properties of MgBi2O6

The phonon dispersion curves along high symmetry directions and the phonon density of states
are shown in Figure 8. There are 18 atoms in MgBi2O6 cells, so there is a total of 54 vibration modes in
the phonon spectrum, including three acoustic modes and 51 optical modes. The calculated phonon
spectrum shows no imaginary frequency, indicating the dynamical stability of MgBi2O6. Along F-Q
and Q-Z paths in the Brillouin zone, the vibration modes are double degenerate. The acoustic modes
phonons reflect the vibration of the centroid of the original cell and occupy the 0–3 THz frequency
region. Among the three acoustic modes passing through the Γ point, the longitudinal mode has
higher frequency in comparison with the other two transverse acoustic modes. There is no gap at
the frequency range of about 3 THz between the longitudinal acoustic and transverse optical modes.
Thus, phonons can transition from the acoustic mode to the optical mode without any momentum
transfer [35]. Further combining with the calculated PDOS shown in Figure 8, we can find that the
coupled vibrations of Bi, Mg, and O atoms including the O-Bi-O and O-Mg-O bending vibrations in
BiO6 and MgO6 octahedrons within the frequency range from 3 to 9.8 THz and the Bi-O and Mg-O
stretching vibrations in the frequency range from 12 to 16.4 THz are obvious. The phonon branches
above 16.4 THz are completely ascribed to the vibrations of O atoms.
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Figure 8. Calculated phonon dispersion curves and phonon density of states of MgBi2O6.

4. Conclusions

In this work, we have investigated the structural, electronic, optical, mechanical, and lattice
dynamical properties of the trirutile-type MgBi2O6 in detail using the first-principles calculations.
The calculated band gap of MgBi2O6 from the Heyd-Scuseria-Ernzerhof hybrid functional PBE0
electrical is about 1.62 eV and consistent with the experimental data (1.6~1.8 eV). The calculated
effective masses show that the mobility of holes at conduction band is obviously slower than that of
electrons at valence band, indicating high separation efficiency of electrons and holes in MgBi2O6.
The calculated results of optical parameters clearly show that MgBi2O6 has strong light response in
the visible light region and can be used as a light absorbing material. The calculated elastic constants
and phonon dispersion clearly show that MgBi2O6 is mechanically and dynamically stable. Moreover,
MgBi2O6 exhibits significantly elastic anisotropy.
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Abstract: The electronic, magnetic, and mechanical properties were investigated for ZrRhTiZ
(Z = Al, Ga) quaternary Heusler compounds by employing first-principles calculations framed
fundamentally within density functional theory (DFT). The obtained electronic structures revealed
that both compounds have half-metallic characteristics by showing 100% spin polarization near
the Fermi level. The half-metallicity is robust to the tetragonal distortion and uniform strain of
the lattice. The total magnetic moment is 2 μB per formula unit and obeys the Slater-Pauling rule,
Mt = Zt − 18 (Mt and Zt represent for the total magnetic moment and the number of total valence
electrons in per unit cell, respectively). The elastic constants, formation energy, and cohesive energy
were also theoretically calculated to help understand the possibility of experimental synthesis and
the mechanical properties of these two compounds.

Keywords: half-metallic materials; first-principles calculations; quaternary Heusler compound

1. Introduction

Half-metallic materials (HMMs) [1] can provide completely spin-polarized conducting electrons
due to their unique electronic band structure which shows metallic characteristics in one spin channel
and semiconducting/insulating properties in the other spin channel. Hence, HMMs are very much
appreciated as key materials for providing high spin polarized carriers for spintronics devices.

As one of the important HMM families, Heusler compounds have a special importance due to
their high Curie temperature, tunable electronic structure, and wide change of lattice constant [2,3].
Moreover, from the previous reports concerning pseudo-quaternary or ternary Heusler compounds
with half-metallicity, it was found that the materials containing 4d or 5d transition metal elements
generally demonstrate a wide band gap implying a robust half-metallicity in a quite uniform strain
or tetragonal distortion, which is quite suitable for practical applications. Therefore, in recent years,
the investigations on the Heusler compounds containing 4d or 5d transition metal elements have
become the research focus [4–9]. Although many ternary Heusler compounds containing 4d transition
metal elements have been reported in the literature, the quaternary Heusler compounds containing 4d
or 5d transition metal elements, especially, the stoichiometric quaternary Heusler (SQH) compounds
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with half-metallicity have been rarely reported. Hence, it is important to further investigate and search
for new half-metallic SQH materials containing 4d or 5d transition metal elements.

In this work, we investigate two new SQH compounds, ZrRhTiAl and ZrRhTiGa, for the first
time. Our prime aim in this work is to investigate the electronic and magnetic properties of both
compounds and their half-metallic (HM) stability under uniform strain and tetragonal distortion.
The elastic constants, formation energy, and cohesive energy were also presented to help understand
the possibility of experimental synthesis and the mechanical properties of these two compounds.

2. Method of Calculations

In this work, the calculations were performed by employing CASTEP computational code [10]
framed fundamentally within DFT [11]. In all the calculations, the ultra-soft pseudo-potential approach
with plane wave basis set was used, and the generalized-gradient-approximation (GGA) was adopted
for the exchange–correction energy functional part of the total energy [12,13]. For the expansion of
electronic wave functions, the plane wave basis set expansion approach was used. To truncate the
plane wave basis set expansion to attain the required convergence criterion, an energy cut-off of 450 eV
and a mesh of 12 × 12 × 12 k-points for the Brillouin zone sampling was used. Within our above
said applied parameters, calculations ensured a high-level total energy convergence with less than a
tolerance of 1 × 10−6 eV per atom for both ZrRhTiZ (Z = Al, Ga) compounds.

3. Results and Discussions

The quaternary Heusler compounds have a LiMgPdSb-type structure, which belongs to
the F43m (No.216) space group. There are four crystallographic sites in Heusler compounds.
For quaternary Heusler compounds, there are three possible atomic arrangements depending on
each crystallographic site occupation. In this present study, the atomic arrangement properties of
ZrRhTiZ (Z = Al, Ga) compounds were investigated by calculating the total energy in ferromagnetic
(FM) and non-ferromagnetic (NM) states. The calculated results show that for the ZrRhTiZ (Z = Al,
Ga) compound, the most stable case is that Zr and Ti atoms with less valence electrons enter into the
Wyckoff sites 4a(0, 0, 0) and 4c(0.25, 0.25, 0.25), Rh atoms with more valence electrons occupy the
4b(0.5, 0.5, 0.5) site, and the main group of atoms, Z atoms, tend to locate at the 4d(0.75, 0.75, 0.75) site.
The corresponding simulated crystal structure is shown in Figure 1. The stable arrangement of ZrRhTiZ
(Z = Al, Ga) Heusler compounds is like the combination of inverse Zr2RhZ [14] and Ti2RhZ (Z = Al,
Ga) [15] Heusler compounds and found to be similar to the other Zr-based SQH compounds [16,17].

Figure 2 shows the dependence of the total energy on the lattice parameters in FM and NM
states for ZrRhTiZ (Z = Al, Ga) compounds. One can see that both compounds are more stable in
FM than NM states according to the viewpoint of the total energy minimization. The equilibrium
lattice constants corresponding to the ground state energy are 6.47 Å and 6.45 Å for ZrRhTiAl and
ZrRhTiGa, respectively.
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Figure 1. Crystal structure of ZrRhTiZ (Z = Al, Ga) quaternary Heusler compounds.
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Figure 2. Total energy as a function of the lattice constant in the non-ferromagnetic (NM) and
ferromagnetic (FM) states for ZrRhTiAl (a) and ZrRhTiGa (b) compounds. The lowest energy in
the FM state is set as zero point.

The spin-projected band structures in the reduced Brillouin zone along the high symmetry
directions were calculated under the equilibrium lattice constant and plotted in Figure 3 for ZrRhTiAl
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and ZrRhTiGa compounds. From Figure 3, an indirect band gap can be clearly observed in the
spin-down channel, and the Fermi level is located within the band gap. In the spin-up channel, the
valence and conduction bands are overlapping, and the Fermi level is intersecting them for ZrRhTiZ
(Z = Al, Ga) compounds, which indicates that both compounds are half-metallic materials. The band
gap (Ebg) and HM band gap (EHM) in the spin-down channel are listed in Table 1. The HM band gap is
the minimum energy required to flip a minority of spin electrons from the valence band maximum
(VBM) to the majority spin Fermi level. The Ebg is 0.432 eV for ZrRhTiAl and 0.541 eV for ZrRhTiGa.
Usually, the large Ebg can be considered as evidence of the robustness of half-metallicity to lattice
distortion. The Mulliken atomic populations quantify the charge transfer from one atom to another
one and are listed in Table 2 for ZrRhTiZ (Z = Al, Ga) compounds. It is clear that the charge transfer
from Ti to Rh is 0.69e and Zr to Al is 0.08e in ZrRhTiAl, and the charge transfer from Ti to Zr is 0.27e
and Ga to Rh is 0.93e in ZrRhTiGa.
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Figure 3. The calculated band structures for ZrRhTiAl (a) and ZrRhTiGa (b). (The black lines represent
the spin-up channel, and the red lines the spin-down channel.).

Table 1. The equilibrium lattice constants (Å), total magnetic moments (μB), atomic magnetic moments
(μB), valence band maximum (eV), conduction band minimum (eV), band gap (eV), half-metallic (HM)
band gap (eV), and the number of valence electrons for ZrRhTiZ (Z = Al, Ga) compounds.

Compound Total Zr Rh Ti Z a (Å) CBM VBM Ebg EHM Zt S-P rule P (%)

ZrRhTiAl
2.00

1.26 −0.32 1.18 −0.14 6.47 0.350 −0.082 0.432 0.082
20 Mt = Zt − 18 100

ZrRhTiGa 1.22 −0.32 1.32 −0.22 6.45 0.360 −0.181 0.541 0.181

Table 2. Mulliken population analysis of ZrRhTiAl and ZrRhTiGa.

Species Atom s p d Total Charge(e)

ZrRhTiAl

Zr 2.54 6.37 3.02 11.93 0.07
Rh 0.89 0.60 8.20 9.69 −0.69
Ti 2.53 6.12 2.65 11.30 0.70
Al 1.05 2.03 0.00 3.08 −0.08

ZrRhTiGa

Zr 2.64 6.67 2.96 12.27 −0.27
Rh 0.97 0.76 8.20 9.93 −0.93
Ti 2.70 6.37 2.65 11.73 0.27
Ga −0.17 2.26 9.99 12.08 0.92

Figure 4 shows the total density of state (TDOS) and partial density of state (PDOS) patterns. It is
clear that the main contributions to the TDOS near the Fermi level are the strong d-d hybridization
among the Zr-4d state, Ti-3d state, and Rh-4d state. The spin polarization (P) at Fermi energy is
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100% for ZrRhTiZ (Z = Al, Ga), for the Fermi level lies in a band gap in the spin-down channel.
For Heusler compounds with half-metallicity, the origin of the half-metallic band gap is usually owed
to the hybridization of the d electrons between the transition metal atoms. Through the classical
molecular orbital approach, Zr-4d and Rh-4d hybridization within tetrahedral symmetry has been
considered, as presented in Figure 5. In ZrRhTiZ (Z = Al, Ga) Heusler compounds, the 4d orbitals
hybridization of Rh and Zr atoms generated five bonding bands (3t2g and 2eg) and five non-bonding
bands (2eu and 3t1u). Then, the 3d orbitals of Ti atom hybridize with the five bonding 4d hybridized
orbitals (3t2g and 2eg) of Rh and Zr atom, while the five non-bonding hybridized 4d orbitals (2eu and
3t1u) still hold with no hybridization. Finally, the distribution of the 15 d orbitals in the spin-down
channel can be determined, i.e., 3 × t2g, 2 × eg, 2 × eu, 3 × t1u, 3 × t2g, and 2×eg are arranged from
high energy to low energy. The main-group of Z atoms generate 1 × s orbital and 3 × p orbitals
which are distributed below the 15 hybridized d orbitals and totally occupied in ZrRhTiZ (Z = Al,
Ga) compounds. The triple-degeneracy t1u states are not occupied in the spin-down direction, and a
band gap is formed between t1u (non-bonding) and t2g (bonding) orbitals in the spin-down channel of
ZrRhTiZ (Z = Al, Ga) compounds. Similarly, from Table 1, it can be seen that the number of valence
electrons is 20 per ZrRhTiZ (Z = Al, Ga) unit cell, and the calculated total magnetic moment is 2 μB,
which follows the Slater-Pauling rule Mt = Zt − 18 and is also consistent with the reported Zr-based
SQH materials [4–7,16–18].
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Figure 4. Calculated total density of states and partial density of states of ZrRhTiAl (a) and ZrRhTiGa (b).
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Figure 5. Schematic diagram of possible d-d hybridization between the transition-metal elements Zr-4d,
Rh-4d, and Ti-3d in the ZrRhTiZ (Z = Al, Ga) compounds. The main group of elements Z (Z = Al, Ga)
are not taken into account because the sp-bands are located at deep energy levels and barely contribute
to the gap formation.

Figure 6 displays total magnetic moment and atomic magnetic moments as a function of lattice
constant for ZrRhTiAl and ZrRhTiGa compounds. It can be noted that the total magnetic moment is
constant at 2μB over the range of the lattice constant, from 6.09 (6.10) to 6.61 (6.75) Å for ZrRhTiAl
(ZrRhTiGa) compounds. The atomic magnetic moment is appreciably increasing with the lattice
constant values for the Rh and Ti atoms, whereas the atomic magnetic moment of Zr as well as Al/Ga
was not found to change appreciably over the wide range of lattice constants. The constant total
magnetic moment can be attributed to the antiparallel arrangement of the magnetic moments of Rh
and Ti atoms. The main contributors to the magnetic moment are Zr and Ti atoms. The Rh and Z
atoms only carry small magnetic moments antiparallelly aligned to those of the Zr and Ti atoms.

The half-metallicity is very much sensitive to the change of lattice constant. Therefore, it is very
useful to acquire knowledge about the sensitivity of the half-metallicity to the uniform strain (US)
for the ZrRhTiZ (Z = Al, Ga) compounds. Here, the CBM (conduction band minimum) and VBM in
the spin-down channel at different lattice constants have been recorded to show the effects of the US
on half-metallic behavior, as plotted in Figure 7. Obviously, the half-metallicity can be maintained
in the lattice constant range of 6.09–6.61 Å for ZrRhTiAl and 6.10–6.75 Å for ZrRhTiGa. In addition,
the effects of the US on the Ebg and EHM are also shown in Figures 8 and 9 for the ZrRhTiZ (Z = Al,
Ga) compounds, respectively. The obtained results revealed both EHM and Ebg first increase and then
decrease with the increasing lattice constant.
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Figure 6. Cont.
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Figure 6. Plots for total spin magnetic moment and atomic spin magnetic moment as a function of
lattice constant for ZrRhTiAl (a) and ZrRhTiGa (b) compounds.
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Figure 7. Conduction band minimum (CBM) and valence band maximum (VBM) in the spin-down
channel as a function of lattice constant (US) for ZrRhTiAl (a) and ZrRhTiGa (b).
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Figure 8. Band gaps as a function of the lattice constant (US) for ZrRhTiAl and ZrRhTiGa.
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Figure 9. The half-metallic band-gap as a function of the lattice constant (US) for ZrRhTiAl
and ZrRhTiGa.

The half-metallicity of most Heusler compounds will be influenced and even be broken by the
tetragonal distortion (TD) of the lattice. To analyze the effect of TD on half-metallicity and magnetic
moments, the unit-cell volume was fixed at the equilibrium bulk volume and then the c/a ratio
changed. In Figures 10 and 11, the TD effects on the half-metallicity properties and magnetic moments
are described by the magnetic moment and the CBM and VBM dependence on c/a ratio. It is clear
that the total and atomic magnetic moments of ZrRhTiZ (Z = Al, Ga) are nearly unchanged, and the
half-metallicity can be kept in the c/a ratio range of 0.96–1.06 for ZrRhTiAl and 0.92–1.12 for ZrRhTiGa,
respectively. We further plotted the curves of Ebg and EHM as a function of c/a ratio, as shown in
Figures 12 and 13, respectively. The Ebg and EHM have a similar variation tendency and showed a
rise-fall characteristic with increasing c/a ratio. The largest Ebg and EHM occur in the cubic structure
(c/a = 1) instead of tetragonal phase.
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Figure 10. Total spin magnetic moment and atomic spin magnetic moment as a function of c/a ratio
(TD) for ZrRhTiAl (a) and ZrRhTiGa (b).
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Figure 11. CBM and VBM in the minority channel as a function of c/a ratio (TD) for ZrRhTiAl (a) and
ZrRhTiGa (b).
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Figure 12. Band gaps as functions of the c/a ratio (TD) for ZrRhTiAl and ZrRhTiGa.
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Figure 13. The half-metallic band-gaps as functions of the c/a ratio (TD) for ZrRhTiAl and ZrRhTiGa.

Next, the elastic properties were investigated for ZrRhTiZ (Z = Al, Ga) compounds by calculating
the single crystal elastic constants Cij. Heusler compounds belong to a cubic structure which needs
only three independent elastic constants (C11, C12, and C44) for the complete description of their
elastic properties.

The following expressions are used to depict the elastic behavior of a material given in
Reference [19]:

B =
C11 + 2C12

3
(1)

G =
GR + GV

2
(2)

GV =
C11 − C12 + 3C44

5
(3)

GR =
5(C11 − C12)C44

4C44 + 3(C11 − C12)
(4)

E =
9GB

3B + G
(5)
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A =
2C44

C11 − C12
(6)

where B, G, E, and A stands for bulk modulus, shear modulus, Young’s modulus, and anisotropy
factor, respectively. The estimated elastic constants and the mechanical properties for ZrRhTiAl and
ZrRhTiGa are given in Table 3.

For cubic structures, the following criteria for the mechanical stability must be satisfied [20]:

C44 > 0 (7)

(C11 − C12)

2
> 0 (8)

B > 0 (9)

C12 < B < C11 (10)

Therefore, from Table 3, one can easily see that ZrRhTiZ (Z = Al, Ga) compounds are mechanically
stable. The calculated results of Young’s modulus (E = 57.9 and 47.8 for ZrRhTiAl and ZrRhTiGa,
respectively) indicate that ZrRhTiAl is stiffer than ZrRhTiGa. The Pugh’s index (B/G) and Cauchy
pressure (C12 − C44) are usually used to characterize the brittleness or ductility of a compound [21–23].
For our materials, the Pugh’s index (B/G) is 2.92 and 4.01, and the Cauchy pressures (C12 − C44) are
41.91 and 37.91 for the ZrRhTiAl and ZrRhTiGa compounds, respectively. Elastic anisotropy (A) is also
a very important parameter for engineering applications. An A value of 1.0 shows the isotropic nature
of the crystal, whereas values other than 1.0 indicate anisotropy. As shown in Table 3, for the ZrRhTiAl
and ZrRhTiGa compounds, the value of A �= 1, demonstrating that they are elastically anisotropic
under ambient conditions.

Finally, we have computed the formation and cohesive energies for ZrRhTiZ (Z = Al, Ga) based
on the following expressions [24–28]:

Ef = Etotal
ZrRhTiZ − (Ebulk

Zr + Ebulk
Rh + Ebulk

Ti + Ebulk
Z ) (11)

Ec = (Eiso
Zr + Eiso

Rh + Eiso
Ti + Eiso

Z )− Etotal
ZrRhTiZ (12)

The calculated Ec and Ef for ZrRhTiZ (Z = Al, Ga) compounds have been listed in Table 3. The Ec

is larger than 20 eV, which indicates that ZrRhTiZ (Z = Al, Ga) compounds are stable due to energetic
chemical bonding. The Ef is smaller than 0 eV, showing the compounds are stable against separation
into the four pure elements.

Table 3. Calculated elastic constants Cij, bulk modulus B, shear modulus G, Young’s modulus E (GPa),
Pugh’s ratio B/G, anisotropy factor A, and formation and cohesive energies (eV) for the stoichiometric
quaternary Heusler (SQH) compounds ZrRhTiAl and ZrRhTiGa.

SQH
Compound

C11 C12 C44 B G E B/G Formation
Energy

Cohesive
Energy

Anisotropy
Factor

ZrRhTiAl 157.060 116.435 74.521 129.977 44.441 57.920 2.925 −2.632 22.279 3.669

ZrRhTiGa 150.857 117.550 79.645 128.652 32.073 47.895 4.011 −2.738 21.384 2.981

4. Summary

In this paper, the electronic structures, magnetic structures and moments, elastic constants,
formation energies, and cohesive energies are calculated for ZrRhTiZ (Z = Al, Ga) quaternary Heusler
compounds. Based on the obtained results, we predicted that ZrRhTiZ (Z = Al, Ga) quaternary Heusler
compounds are half-metallic materials. These two compounds are among the rare SQH compounds
with half-metallicity that contain 4d transition metal elements. The investigations on the effects of US
and TD show that the half-metallicity is robust to US and TD. The half-metallicity can be sustained over
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a wide lattice constant range of 6.09 Å–6.61 Å for ZrRhTiAl and 6.03 Å–6.75 Å for ZrRhTiGa. Under TD,
the range of c/a ratio maintaining the half-metallicity is 0.96–1.06 for ZrRhTiAl and 0.92–1.12 for
ZrRhTiGa, respectively. The calculated elastic parameters are listed in this paper for ZrRhTiZ (Z = Al,
Ga) compounds to help understand their mechanical properties.
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Abstract: To investigate Mo doping effects on the hydrogen permeation performance of Nb
membranes, we study the most likely process of atomic hydrogen adsorption and diffusion on/into
Mo-doped Nb (100) surface/subsurface (in the Nb12Mo4 case) via first-principles calculations.
Our results reveal that the (100) surface is the most stable Mo-doped Nb surface with the
smallest surface energy (2.75 J/m2). Hollow sites (HSs) in the Mo-doped Nb (100) surface are
H-adsorption-favorable mainly due to their large adsorption energy (−4.27 eV), and the H-diffusion
path should preferentially be HS→TIS (tetrahedral interstitial site) over HS→OIS (octahedral
interstitial site) because of the correspondingly lower H-diffusion energy barrier. With respect
to a pure Nb (100) surface, the Mo-doped Nb (100) surface has a smaller energy barrier along the
HS→TIS pathway (0.31 eV).

Keywords: Nb (100) surface; Mo doping; H adsorption; H diffusion; first-principles calculation

1. Introduction

The interaction between hydrogen and metal surfaces is an interesting topic in science and
engineering, and has been investigated by both experimental [1–3] and theoretical [4,5] approaches.
Over 80 percent of synthetic chemicals are produced with the application of catalysts, meaning that
the interactions of hydrogen with catalytic metal surfaces during heterogeneous catalysis are of great
interest for several important processes [6–8] including petrochemical processing, pharmaceutical
production [9], highly efficient electrocatalysis [10], fine chemical production [11], and conversion of
biomass to fuels and chemicals [12]. Meanwhile, hydrogen–metal interactions have attracted further
attention due to the central role of hydrogen as a clean and efficient energy source [13,14]. With the
increasing demand for high purity hydrogen in the fields of fuel cell, new materials for hydrogen
separation/purification are being explored. Consequently, the study of the behavior of both absorbed
and adsorbed hydrogen on/into the metal surface/subsurface is important for achieving a deep
understanding of the hydrogen-permeation properties of such metallic membranes [15,16].

Considerable experimental and theoretical studies of the hydrogen sorption on many single-crystal
metal surfaces have been carried out. For example, Ferrin et al. [4,15] performed a comprehensive
theoretical study addressing adsorption and absorption energies and subsurface penetration barriers
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of hydrogen on different low-index surface terminations of 17 transition metals (TM) by first-principles
calculations. Lauhon et al. further studied the diffusion of atomic hydrogen on Cu (001) via scanning
tunneling microscope (STM) measurements. The diffusion of H atoms was measured as a function of
temperature, and a transition from thermally activated diffusion to quantum tunneling was observed at
60 K [16]. Recently, Gómez et al. reported an extensive study of adsorption and diffusion of hydrogen
atoms on the (100) surfaces of fcc Au, Cu, Ag, and Pt, performed by means of density functional theory
(DFT) calculations [17,18]. Based on elucidating the preferential adsorption sites of hydrogen on each
metal, they calculated the adsorption distances and energies of atomic hydrogen at the top, hollow,
and bridge sites of the (100) surfaces. The numerous studies focused on this topic have proved the
importance of understanding the mechanism of hydrogen–metal-surface-related phenomena.

Pd and its alloys are excellent materials for hydrogen separation and purification, but their
high cost and scarcity should be noted. Currently, niobium (Nb), a Group VB (e.g., V, Nb, Ta, etc.)
TM, has attracted much attention as one of the most promising hydrogen separation materials
due to its relatively low price [3], excellent high-temperature mechanical properties, and corrosion
resistance [19–21]. However, Nb often exhibit poor resistance to hydrogen embrittlement and therefore
is limited in the practical application [22–25]. Experimental and theoretical studies have verified that
alloying Nb with other metals is an effective approach to solve this problem [26–30]. Hu et al. [31]
reported that the W doping is supposed to be the key role in enhancing the mechanical properties
of Nb16H, and is not conducive to the structural stability of the Nb15WH (TIS) phase. Moreover,
doping Nb with W can reduce the diffusion barrier of H, and enhance diffusion paths for H [32].

Both W and Mo are high-Z refractory metals (i.e., refractory metals containing impurities with
high atomic numbers (Z) with similar physical properties. Comparing with W, Mo has a lower melting
point (2883 K) and a lower erosion rate. Moreover, H has higher diffusivity and lower solubility in Mo,
leading to lower H retention [33–35]. These characteristics make Mo an important alloying candidate
of Nb-based membranes for hydrogen permeation.

To gain a detailed understanding of the hydrogen-permeation behavior of Mo-doped Nb
membranes, adsorption and diffusion of hydrogen atoms on a Mo-doped Nb (Nb12Mo4) surface
have been investigated by first-principles calculations in this work. Furthermore, we discuss the most
favorable process of H adsorption and diffusion on/into a Mo-doped Nb (100) surface/subsurface.
We believe this work is important to comprehensively understand the basic mechanism of atomic
hydrogen sorption on TM surfaces and the influence of element doping, and contribute to the design
of Nb-based alloys for H-storage and H-separation applications.

2. Computational Details

Our calculations were carried out with the use of the Vienna Ab-initio Simulation Package
(VASP) [36,37]. The interactions between the core and valence electrons were described with the
projector augmented wave (PAW) approach [38,39]. Exchange correlation functions were generalized
gradient approximations (GGA) developed by Perdew et al. [40]. An energy cutoff of 360 eV was
used for the plane-wave basis sets, and a grid with 2π × 0.03 Å−1 resolution in the Brillouin zone
was used for all calculations to minimize the error from the k-point meshes. During structure
relaxation, the lattice parameters, volume, and atomic positions were fully optimized with in-symmetry
restrictions until the total energy converged to 10−5 eV in the self-consistent loop. Relaxed until the
maximum force on each atom was less than 0.01 eV/Å. The electrons of the Nb 4d45s1 and the Mo
4d55s1 orbitals were treated as valence electrons. To study the diffusion properties of atomic hydrogen
from the surface into the subsurface of Mo-doped Nb (100), we used the climbing image nudged elastic
band (CI-NEB) method [41] to determine the diffusion barriers between the initial and final positions.
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3. Results and Discussion

3.1. Surface Model of Mo-doped Nb

In Nb16−xMoxH system, Nb12Mo4H has the highest absolute value of ΔHf, which is favorable
for dehydrogenation. Therefore, Nb12Mo4H was selected to build the slab model for further study,
which is depicted in Figure 1a. There are two high symmetrical interstitial sites in the region between
the first and second atomic layer, which are tetrahedral interstitial site (TIS) and octahedral interstitial
site (OIS), as shown in Figures 1 and 1. Due to the similar atomic radius of Mo compared to Nb,
the crystal keeps the cubic structure after Mo-doping. The equilibrium lattice constant (3.304 Å) of
bulk Nb agrees well with experimental values (3.305 Å) [42]. For the (100) surface, we built a slab
model with seven atomic layers, which is depicted in Figure 1d.

Figure 1. Theoretical models of Nb12Mo4 used in the calculations: (a) bulk model; (b) an octahedral
interstitial site (OIS), (c) a tetrahedral interstitial site (TIS); (d) slab model. Nb atoms are represented by
green spheres, and Mo atoms are represented by gray spheres.

Surface energy is an important parameter of a metal surface that can be utilized to explain the
physical and chemical processes and surface stability. Cutting surfaces from bulk crystal breaking
various chemical bonds, which increases the energy of the system, thereby resulting in instability of
the surface systems. The surface energy is defined as [14]

σ = (Eslab − n × Ebulk)/(2A) (1)

Here, Eslab, Ebulk, n, and A represent the total energy of the slab, the total energy of the
corresponding bulk material, the number of atoms contained in the slab and the area of the surface,
respectively. In the structure optimization calculations, the atoms in the top three layers were fully
relaxed, and the atoms in the other layers were fixed at their bulk positions. Table 1 lists the calculated
surface energies of slab models with different numbers of atomic layers. The surface energy of pure
Nb (100) surface is also calculated for comparison. The results agree well with the values from
Baskes et al. [43]. The surface energy of Nb12Mo4(100) surface and Nb12Mo4(111) surface tend to be
stable when there are more than five atomic layers. Moreover, the Nb12Mo4(100) surface is the most
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stable one with the smallest surface energy (2.75 J/m2). Therefore, we select Nb12Mo4(100) surface for
further study.

Table 1. Calculated surface energies of pure Nb (100), Nb12Mo4 (100) and (111) for of different numbers
of atomic layers. Experimental value [43] is listed for comparison.

Surface Energies (eV)

4 Layers 5 Layers 6 Layers 7 Layers 8 Layers 9 Layers 10 Layers

Pure Nb (100) 2.63 2.45 2.43 2.42 2.44 2.44 2.44
Pure Nb (100) a 2.3–2.7
Nb12Mo4 (100) 2.72 2.73 2.74 2.75 2.75 2.75 2.75
Nb12Mo4 (111) 3.28 3.31 3.32 3.32 3.32 3.32 3.32

a Ref. [43].

To determine a practicable number of atomic layers and the vacuum region of Mo-doped Nb (100)
surface model, we calculate the changes of the interlayer distances during structure relaxation as the
following relationship [44,45]

Δdi−j = di−j − d0 (2)

Here, d0 denotes the layer distance between the i- and j-layers of the unrelaxed slab model
established from a geometry-optimized bulk model and di−j denotes the corresponding layer distance
of the optimized slab model. From the calculated results depicted in Figure 2, we can infer that
the interlayer distance between the outermost layer and secondary outer layer tends to be stable
when there are more than six atomic layers. According to the previously calculated surface energies,
seven atomic layers are sufficient to avoid the effects of external forces in z-axis.

 
Figure 2. Change in interlayer distance as function of interlayer number in Nb (100) surface model.

In addition, to ensure that hydrogen permeation process is not influenced by periodicity, a vacuum
region between the atomic layers in the (100) surface is required. Thus, the work function of (100)
surface model with seven atomic layers and a 12 Å vacuum layer along the surface normal direction
(z-axis) is calculated, and is depicted in Figure 3. The flat line in the figure indicating that the work
function converges in the vacuum region. Therefore, we employed a slab model of seven atomic layers
with a 12 Å vacuum layer of (100) surface for further hydrogen permeation analysis.
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Figure 3. Work function along surface normal direction (Z-axis) for Nb12Mo4 (100) surface model with
seven atomic layers.

3.2. H Atom Adsorption Sites of Mo-doped Nb (100) Surface

Based on the slab model of Mo-doped Nb (100) surface, there are three possible adsorption sites
for hydrogen atoms, i.e., top site (TS), bridge site (BS), and hollow site (HS), as shown in Figure 4.
The adsorption energies (Eads) are calculated to characterize the preferred location of the adsorbed
hydrogen atom. When Nb doping is considered, Eads can be expressed as

Eads = E(Nbn Mom−n H)− E(Nbn Mom−n)− E(H) (3)

Here, m represents the total number of atoms, n represents the number of Nb atoms in the slab
model, E(H) = −0.019 eV, E(NbnMom−n) and E(NbnMom−nH) the total energies of the corresponding
crystal structures. The calculated Eads values are summarized in Table 2. Among the possible
positions, the largest adsorption energy (−4.27 eV) belongs to the hollow site on top of Nb atom (H1),
which indicates that H1 sites are the preferential sites of adsorbed hydrogen atoms. In addition,
the average vertical distance between adsorbed H atom and the top layer (dH-Surf) as well as the
distance between H atom and TM atoms (dH-TM ) are also calculated and listed in Table 2. The bonding
lengths (dH-TM) between the hydrogen-atom and TM atom show the descending on the hollow,
bridge and top sites, respectively. The smallest dH-Surf (0.44 Å) belongs to the H1 site, indicating that
there exists a very strong interaction between H atom and (100) surface. Similar results were obtained
by Gong and co-authors [46].

Table 2. Calculated adsorption energy (Eads), average distance between H atom and metal atom (dH-TM)
as well as average distance between H atom and the top layer (dH-Surf) in slab model of Mo-doped Nb
(100) surface for adsorbed hydrogen atoms at different sites indicated in Figure 4

Site Eads (eV) dH-TM (Å) dH-Surf (Å)

T2 −3.41 1.77 1.85
T1 −3.26 1.85 1.93
B2 −3.77 1.97 1.30
B1 −3.75 1.97 1.21
H2 −4.24 1.98 0.46
H1 −4.27 1.99 0.44
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Figure 4. Schematic illustration of three possible locations of hydrogen atoms adsorbed onto Mo-doped
Nb (100) surface: top site (T1, T2), bridge site (B1, B2), and hollow site (H1, H2).

3.3. Electronic Properties of Mo-doped Nb (100) Surface

To examine the interaction between atoms, we investigated the electronic properties of the
Mo-doped Nb (100) surface. The calculated density of states (DOS) of H atom adsorbed at the bridge,
hollow, and top sites are shown in Figure 5a–c, respectively. The Partial DOS (PDOS) peaks at about
−30 eV with respect to the Fermi level are mainly contributed by Nb-p and Mo-p states for Mo-doped
Nb (100) surface. The PDOS peaks near −5 eV are contributed by the H-s state. In the case of H1
model (Figure 5b), an obvious peak of Nb-d is observed at −5 eV, but it is absent in the case of B1 and
T1 models, indicating that the hybridization between H-s and Nb-d states in B1 model is adjusted
by Mo-doping.

Figure 5. Calculated total and partial density of states of hydrogen atoms adsorbed onto Mo-doped
Nb (100) surface at (a) B1 site, (b) H1 site, and (c) T1 site. The Fermi level is set to zero.

3.4. Diffusion of Hydrogen Atom into Mo-doped Nb (100) Subsurface

To further understand the behavior of H atoms diffusion, we investigate the subsequent
H-diffusion process from the surface into the subsurface. The possible H-diffusion paths are H1→TIS
and H1→OIS. We utilize CI-NEB method to determine the minimum energy and energy barrier for
H-diffusion at both paths. The energy barrier of H1→TIS is 0.31 eV (Figure 6b), which is smaller than
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the corresponding value (1.0 eV) of H1→OIS (Figure 6a), meaning that the H-diffusion path should
mainly be H1→TIS. In addition, the energy barrier of H1→TIS of the pure Nb (100) surface is 0.82 eV
(Figure 6c), indicating Mo-doping improves the performance of H-atom diffusion for Nb (100) surface.

Figure 6. Energy barriers of H-atom diffusion in different path. (a) H1 to OIS in Mo-doped Nb (100)
surface, (b) H1 to tetrahedral interstitial site in Mo-doped Nb (100) surface, and (c) HS to TIS in pure
Nb (100) surface. Blue balls represent the starting position and white balls represent the finish position
for H atoms.

4. Conclusions

The probable processes of atomic hydrogen adsorption, and diffusion behaviors on/into
Mo-doped Nb (100) surface/subsurface are investigated using first-principles calculations in
combination with empirical theory. Considering the above mentioned, we can come to the
following conclusion:

(1) Comparing with the (111) surface, the (100) surface is more stable with smaller surface energy
(2.75 J/m2) for Mo-doped Nb.

(2) Among the three possible sites for H adsorption (BS, HS, and TS), H1 is most favorable due to
its larger adsorption energy (−4.27 eV) and smaller average vertical distance between H atoms and
the top layer of surface (0.44 Å). The optimal H-diffusion path is H1→TIS for its low energy barrier
of H-diffusion.

(3) The optimal H-diffusion path is H1→TIS. Furthermore, compared with pure Nb, Mo-doped
Nb (100) surface offers a smaller energy barrier for H1→TIS path (0.31 eV), indicating that Mo-doping
improves H adsorption and diffusion performance for Nb (100) surface.
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Featured Application: Two new 1:1:1:1 quaternary Heusler based half-metals have been designed

by means of the first-principles method, and their half-metallic properties are quite robust to the

hydrostatic strain or tetragonal distortion.

Abstract: By using the first-principles method, the electronic structures and magnetism of equiatomic
quaternary Heusler alloys FeRhCrSi and FePdCrSi were calculated. The results show that both
FeRhCrSi and FePdCrSi compounds are ferrimagnets. Both compounds are half-metals and their
half-metallicity can be maintained in a wide range of variation of the lattice constant under hydrostatic
strain and c/a ratio range under tetragonal distortion, implying that they have low sensitivity to
external interference. Furthermore, the total magnetic moments are integers, which are typical
characteristics of half-metals. The calculated negative formation energy and cohesive energy indicate
that these two alloys have good chemical stability. Furthermore, the value of the elastic constants
and the various moduli indicate the mechanical stability of these two alloys. Thus, FeRhCrSi and
FePdCrSi are likely to be synthesized in the experiment.

Keywords: first-principles method; half-metallicity; equiatomic quaternary Heusler compounds

1. Introduction

Since the first half-metal (HM) NiMnSb compound was discovered in 1983 [1], the HM materials
have attracted more and more scholars and researchers to investigate. The HM material has a
very novel electronic structure, showing semiconducting property in on spin channel and metallic
property in the other spin channel [2,3]. This special electronic structure results in a perfect 100% spin
polarization near the Fermi level, which makes HM a novel spintronic material. Until now, many
different structures of materials have been found to be half-metallic, such as Heusler compounds,
dilute magnetic semiconductors, and ferromagnetic metallic oxides, etc. [1–8]. Among them, Heusler
compounds are of great importance and present many unique physical properties, including the
adjustable electronic structure and relative high Curie temperature [9,10], etc.

Heusler compounds, which have a general formula X2YZ, are a class of intermetallic compounds
(also called full-Heusler compounds). In the formula X2YZ, X and Y atoms are usually transition
metals, and Z is a main group element [11]. For full-Heusler compounds, there are two possible,
different atomic arrangement fashions: the Cu2MnAl-type and Hg2CuTi-type structure [12]. Specially,
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when X and Y are the same atoms, the D03 structure is formed [13,14]. And when one of the X atoms is
substituted with a vacant, the C1b structure is formed [15]. When one of the X atoms is substituted by
another different transition mental, the equiatomic quaternary Heusler compounds (EQHs) (LiMgPdSn
structure) with the chemical formula of XMYZ are formed. Recently, several series of EQHs have been
found and attracted wide attention. Compared with the binary and ternary Heusler HMs that have
been mentioned above, the biggest advantage of the EQH HMs is their lower dissipation, which is
caused by their lesser amount of atomic arrangement disorder in experiment [16].

Felser et al. have predicted several EQHs to be theoretical HM ferromagnets and have synthesized
them experimentally, such as CoFeMnZ (Z = Al, Si, Ga, Ge), NiFeMnGa and NiCoMnGa [17–20].
Alijani et al. have showed that NiFeMnGa and NiCoMnGa alloys are HM ferromagnets [14]. Gao et al.
Reported that CoFeCrAl and CoFeCrSi compounds are several excellent HM ferromagnets [21].
Karimain et al. found that the NiFeTiP and NiFeTiSi alloys are true HM ferromagnets and that the
NiFeTiGe has a near HM character [22]. All the above mentioned EQHs are those with 3d transition
elements. Very recently, a series of new EQHs with a 4d transition element have been reported.
Some of them are as follows: Berri et al. have investigated the robust half-metallicity of the ZrCoTiZ
(Z = Si, Ge Ga and In) [23]. The half-metallic and mechanic characters of ZrRhHfZ (Z = Al, Ga and
In) [24] and FeCrRuSi [25] were investigated by Wang et al. Guo et al. have reported the excellent
half-metallic property of ZrFeVZ (Z = Al, Ga and In) [26]. The new reports of EQHs with a 4d
transition element expand the research scope of the spintronic materials. Thus, we can conclude that
4d-transition-elements-contained HMs are new potential spintronic materials worth researching.

In our present work, the electronic, magnetic, half-metallic and mechanical properties of
two newly designed EQH compounds, FeRhCrSi and FePdCrSi, were investigated by using the
first-principles method. We also have discussed the effect of the hydrostatic strain and tetragonal
distortion on their half-metallic properties. And the calculated results indicate that their half-metalicity
can be kept in a wide lattice constant range and c/a ratio range. Moreover, the chemical stability and
the mechanical properties of FeRhCrSi and FePdCrSi have also been studied in details.

2. Materials and Methods

The electronic and magnetic structures were calculated by using CASTEP code, which was
based on the density functional theory (DFT) [27–29]. The ultrasoft pseudopotential was used to
described the interactions between the valence electrons and the atomic core. The exchange-correlation
energy was calculated under the generalized gradient approximation (GGA) [30,31]. For all calculated
cases, the cut-off energy of 450 eV was chosen. The k-points mesh was set as 10 × 10 × 10 [32,33].
The convergence tolerance for all the calculations was selected as a difference on total energy within
5 × 10−6 eV/atom.

3. Results

3.1. Total Energy and Structural Stability

For the LiMgPdSn-type EQH compounds FeRhCrSi and FePdCrSi, due to the different atomic
arrangements of them, there are three possibly different crystal structures (here, named as type-1,
type-2, and type-3), shown in Figure 1a–c. The atom positions in Wychoff coordinates are also shown
in Table 1. In order to get the ground state properties of FeRhCrSi and FePdCrSi, the geometry
optimization was performed by calculating the total energy of the FeRhCrSi and FePdCrSi compounds
at different lattice constants for the three possible crystal structures. The calculated total energy (Et) as
the function of lattice constants (a) for FeRhCrSi and FePdCrSi compounds (Et-a curves) are shown
in Figure 2. It can be clearly seen that both FeRhCrSi and FePdCrSi compounds of type-1 structure
have the lowest total energy, which means the type-1 structure is the most stable configuration.
Considering the different magnetic states of these compounds, the total energy as a function of
the lattice constants for the type-1 structure FeRhCrSi and FePdCrSi compounds in ferromagnetic
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(FM), ferrimagnetic (FIM), and nonmagnetic (NM) states has been calculated (as shown in Figure 3.
From Figure 3, it can be found that both FeRhCrSi and FePdCrSi compounds in the FIM state show
the lowest total energy. Therefore, for both FeRhCrSi and FePdCrSi compounds, the type-1 structure
in the FIM state was the most stable state. Thus, we will focus on discussing the physical properties of
these compounds with a type-1 structure and FIM state in the following parts of this paper. And the
obtained equilibrium lattice constants at their ground states for FeRhCrSi and FePdCrSi are 5.82 Å and
5.87 Å, respectively, and the results have been shown in Table 2. The small difference of the optimized
lattice constants between FeRhCrSi and FePdCrSi compounds derive from the close ionic radii between
Rh and Pd atoms.

Figure 1. The three possible structures of FeRhCrSi and FePdCrSi (a) type-1, (b) type-2 and (c) type-3.

Table 1. Three possible structures of FeRhCrSi and FePdCrSi.

Structure Fe Rh/Pd Cr Si

Type 1 4a 4c 4b 4d
Type 2 4b 4c 4a 4d
Type 3 4a 4b 4c 4d

Figure 2. Energy optimization with different crystal structures of (a) FeRhCrSi and (b) FePdCrSi.

Table 2. The optimized equilibrium lattice constant a0 (Å), the total and partial magnetic moments
(μB) at the equilibrium lattice, the formation energy Ef and cohesive energy Ec (eV) for the equiatomic
quaternary Heusler (EQH) compounds FeRhCrSi and FePdCrSi.

Compounds a0 Mtot MFe MRh/Pd MCr MSi Ef Ec

FeRhCrSi 5.82 3.00 −0.26 0.22 3.10 −0.06 3.12 −20.41
FePdCrSi 5.87 4.00 0.78 −0.14 3.44 −0.08 −1.97 −18.66
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Figure 3. Energy optimization with different magnetic states of (a) FeRhCrSi and (b) FePdCrSi.

3.2. Electronic, Magnetic, and Half-Metallic Properties

In this part, the electronic and magnetic structure of FeRhCrSi and FePdCrSi at their equilibrium
lattice constants have been discussed in detail. The calculated band structures of FeRhCrSi and
FePdCrSi compounds have been displayed in Figure 4. From Figure 4a,b, it can be found that both
FeRhCrSi and FePdCrSi compounds show quite similar band structure characters. In the majority-spin
channel, the Fermi level is located in an indirect band gap. The conduction band minimum (CBM)
appears at the X point and the valence band maximum (VBM) occurs at the G point of the Brillouin
zone. The values of the indirect band gaps in the majority-spin channel are 0.336 eV and 0.177 eV for
EQH compounds FeRhCrSi and FePdCrSi, respectively. However, their bands show a metallic cross
over at the Fermi level in the minority-spin channel. This results in their 100% spin polarization. Thus,
the EQH compounds FeRhCrSi and FePdCrSi are HMs.

Figure 5a,b show the calculated total and partial density of states (DOS) of FeRhCrSi and FePdCrSi
at their equilibrium lattice constants. From Figure 5, one can further understand their electronic
structures. It can be seen that there is a metallic overlapping with the Fermi level in the minority-spin
channel for both the EQH compounds FeRhCrSi and FePdCrSi. By contrast, in the majority-spin
direction, the Fermi level locates in a relative wide energy gap (the half-metallic gap). Therefore,
the EQH compounds FeRhCrSi and FePdCrSi are HMs that are consistent with the above discussion
of their band structures. For FeRhCrSi and FePdCrSi compounds, because of the similar atomic
configuration, they present two quite similar total and partial DOS. Here, we take the FeRhCrSi
compound as an example and give a detailed discussion on the DOS. From Figure 5a, it can be found
that the DOS is mainly dominanted by the Si atom in the lower energy region (−7 eV–5 eV) for the
two spin directions. In the energy region −5 eV to −3 eV, the DOS are mainly occupied by Rh-4d
states. In the range of −3 eV to −1 eV, except a small contribution of Rh-4d and Cr-3d states, both spin
channels are dominated by Fe-3d states. In the energy region around the Fermi level (−1 eV to 1 eV),
the energy peak is the result of the common contribution of Fe, Rh, and Cr atoms with d orbitals. It can
be observed that, in the minority spin, the main contribution to the DOS is the strong hybridization
among the Fe-3d state, Rh-4d state, and Cr-3d state around the Fermi level. In the majority spin,
the energy gap mainly comes from the covalent hybridization between the nearest neighbor atoms: Fe
and Cr. Galanakis et al. [34] have reported that the formation of the bonding and antibonding states
can arise from the strong covalent hybridization between the lower-energy d states (higher-valent)
transition metal atom (such as Fe) and the higher-energy d states (lower-valent) transition metal (such
as Cr). And then, the half-metallic band gap generates between the bonding and antibonding bands.
It has also been reported that, due to the strong intra-atomic exchange interaction, the low valence
transition metal atom usually has a large spin splitting [35]. From Figure 5a, it can be found that,
compared with Fe and Rh atoms, the Cr atom with a lower valent has a larger spin splitting. Thus,
the Cr atom is the main contributor to the total magnetic moment of the FeRhCrSi compound.
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Figure 4. The band structures of (a) FeRhCrSi and (b) FePdCrSi at their equilibrium lattice constants.
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Figure 5. The total and partial density of states of (a) FeRhCrSi and (b) FePdCrSi at their equilibrium
lattice constants.

The total and partial magnetic moments at the equilibrium lattice constant are listed in Table 2.
The total magnetic moments (Mt) are integers for both FeRhCrSi and FePdCrSi compounds, which are
3 μB and 4 μB, respectively. The Mt follows the Slater–Pauling behavior, which can be expressed by Mt

= Zt-24, where Zt is the total number of valence electrons [35,36]. It can be found that the Mt is mainly
from the Cr atom (3.10 μB and 3.44 μB for FeRhCrSi and FePdCrSi, respectively) and this is consistent
with the above DOS discussion. Meanwhile, Fe, Rh, and Pd atoms have a small contribution to Mt.
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Furthermore, due to the anti-parallel atomic magnetic moment among the Fe, Rh/Pd, and Cr atoms,
both FeRhCrSi and FePdCrSi compounds exhibit a ferrimagnetic character.

3.3. Structural Stability

In order to test whether FeRhCrSi and FePdCrSi compounds can be synthesized and form a
stable phase experimentally, the formation energy Ef and cohesive energy Ec were calculated in this
work. The calculated values of the Ef and Ec are listed in Table 2. Taking FeRhCrSi as an example,
the formation energy can be expressed by

Ef = Etot − Ebulk
Fe − Ebulk

Rh − Ebulk
Cr − Ebulk

Si (1)

Here, Etot is the total energy of FeRhCrSi, Ebulk
Fe , Ebulk

Rh , Ebulk
Cr and Ebulk

Si are the total energies for
each Fe, Rh, Cr, and Si atoms in their bulk states [37]. The bulk states that adopted in our calculation of
Fe and Cr are body centered cubic(b.c.c) structure, Pd and Rh are face centered cubic(f.c.c) structure,
and Si is diamond cubic(d.c) structure. The cohesive energy is expressed by

Ec = Etot − Eiso
Fe − Eiso

Rh − Eiso
Cr − Eiso

Si (2)

Here, Eiso
Fe , Eiso

Rh, Eiso
Cr and Eiso

Si refer to the energies of each isolated atom [37]. It can be found that
formation energies for these alloys are both negative values, which are −3.12 eV for FeRhCrSi and
−1.97 eV for FePdCrSi, indicating that these two alloys are stable and cannot be decomposed easily.
Furthermore, these alloys have great negative cohesive energies, which are −20.41 eV for FeRhCrSi
and −18.66 eV for FePdCrSi, implying that they have good chemical stability in practice and are likely
to be synthesized in the experiment.

3.4. Mechanical Properties

In this section, we discuss the mechanical properties of the FeRhCrSi and FePdCrSi compounds.
For cubic crystals, there are only three independent single-crystal elastic constants (C11, C12 and C44).
According to these three elastic constants, other important elastic moduli can be calculated as the
following formulas:

B =
C11 + 2C12

3
(3)

GV =
C11 − C12 + 3C44

5
(4)

GR =
5C44(C11 − C12)

4C44 + 3(C11 − C12)
(5)

G =
GV + GR

2
(6)

E =
9GB

2B + G
(7)

δ =
3B − 2G

2(3B + G)
(8)

A =
2C44

C11 − C12
(9)

Here, B is the bulk modulus, GV is the Voigt’s shear modulus, GR is the Reuss’s shear modulus, G
is the shear modulus, E is the Young’s modulus, δ is the Possion’s ratio, and A is the anisotropy factor.
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Based on the above elastic moduli, we can examine the mechanical stability of these two EQHs
FeRhCrSi and FePdCrSi according to the following Born and Huang [38] generalized stability criteria:

C44 > 0;
C11 − C12

2
; B =

C11 + C12

2
> 0; C12 < B < C11 (10)

Table 3 lists all the calculated elastic constants for FeRhCrSi and FePdCrSi. From these calculated
values, one can clearly see that our results for C11, C12, and C44 follow the generalized stability criteria.
Thus, the FeRhCrSi and FePdCrSi compounds are mechanically stable.

Table 3. The calculated elastic constants Cij, bulk modulus B, shear modulus G, Young’s modulus E
(GPa), Pugh’s ratio B/G and anisotropy factor A for the EQH compounds FeRhCrSi and FePdCrSi.

Compounds C11 C12 C44 B G E B/G A

FeRhCrSi 294.7 112.9 106.6 173.5 100.0 251.7 1.74 1.17
FePdCrSi 179.4 121.5 75.1 140.8 45.9 124.2 3.07 2.59

Moreover, the Pugh’s ratios B/G of FeRhCrSi and FePdCrSi compounds are 1.74 and 3.07,
respectively. According to Pugh’s criteria, the material tends to be ductile when the Pugh’s ratio
is larger than 1.75. Otherwise, the material tends to be brittle when the Pugh’s ratio is less than 1.75.
From Table 3, it can be seen that the Pugh’s ratio of FeRhCrSi is less than 1.75, which indicates that
FeRhCrSi is brittle. However, the Pugh’s ratio of FePdCrSi is larger than 1.75, thus suggesting that
FePdCrSi is ductile. Furthermore, the stiffness of the material can be characterized by Young’s modulus
E. The material will become stiffer when the value of E is higher. Thus, it can be said that the FeRhCrSi
is stiffer than FePdCrSi.

3.5. Strain Effect on the Electronic and Magnetic Properties

In fact, the half-metallic character of HMs is very sensitive to external conditions (such as the
temperature and train effect) in its application on spintronic devices. The change of the lattice constants
can destroy the half-metallicity. Thus, the band structures and magnetism of FeRhCrSi and FePdCrSi
under the strain effect (including hydrostatic strain and tetragonal deformation) have been calculated to
test the thermal expansion and external strain effect on the half-metallicity of them. Here, the conduction
band minimum (CBM) and the valence band maximum (VBM) as functions of the lattice constant and c/a
ratio in the majority spin channel were calculated and plotted to describe the change of the half-metallic
behavior of the FeRhCrSi and FePdCrSi compounds (as shown in Figures 6 and 7).

Figure 6. The conduction band minimum (CBM) and valence band maximum (VBM) in the majority
spin channel as functions of lattice constants for (a) FeRhCrSi and (b) FePdCrSi compounds.
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Figure 7. The CBM and VBM in the majority spin channel as functions of c/a ratios for (a) FeRhCrSi
and (b) FePdCrSi compounds.

Figure 6 shows the CBM and VBM values under different hydrostatic strain for FeRhCrSi
and FePdCrSi. From Figure 6, it can be obviously found that the half-metallicity of FeRhCrSi and
FePdCrSi compounds can be kept in wide lattice constants that range from 5.28 Å–5.85 Å for FeRhCrSi
and 5.61 Å–5.92 Å for FePdCrSi, respectively. This indicates that these two EQHs can keep their
half-metallic properties in the lattice distortion range of −9.3% to 0.5% and −4.4% to 1% (relative to
their equilibrium lattice constants). For FeRhCrSi and FePdCrSi compounds, it can be clearly seen
that its half-metallic property is very robust to the lattice constant compression. Their half-metallicity
cannot be destroyed until the lattice constant is compressed to 5.28 Å (by −9.3%) for FeRhCrSi and
5.61 Å (by −4.4%) for FePdCrSi, their conduction bands have an overlapping with the Fermi level
at 5.28 Å and 5.61 Å. However, the half-metallicity of FeRhCrSi is relatively sensitive to the lattice
constant expansion and their half-metallic properties will be destroyed when their lattice constants are
expanded by about 0.5% and 1% for FeRhCrSi and FePdCrSi compounds, respectively.

Figure 7a,b show the VBM and CBM values under different c/a ratios in the range of 0.96–1.10
and 0.95–1.04 for FeRhCrSi and FePdCrSi, respectively. In this case, the cubic unit cells are compressed
or stretched into a tetragonal one and the volumes of them are kept unchanged. As seen in Figure 7,
it seems that their half-metallic properties are also robust to the tetrogonal deformation of lattice
constants for FeRhCrSi and FePdCrSi compounds. In detail, FeRhCrSi and FePdCrSi compounds
can keep their half-metallic properties when the c/a ratios change from 0.99 to 1.08 and 0.97 to 1.02,
respectively. As the c/a ratios of FeRhCrSi and FePdCrSi decreases or increases from 1.0, their CBM
value decrease and the value of VBM increases. Finally, this leads to the reduction or disappearance
of their half-metallic band gaps. In order to further observe the change of the half-metallic bang gap
with the tetragonal distortion, several majority-spin band structures around Fermi level at different
c/a ratios for FeRhCrSi compound have been shown in Figure 8. From Figure 8, it can be clearly seen
that the half-metallic band gap of FeRhCrSi decreases with tetragonal distortion and disappears at
c/a = 0.97 and c/a = 1.02.
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Figure 8. The majority spin band structures around Fermi level at different c/a ratios for FePdCrSi
compound (a) c/a = 0.97, (b) c/a = 0.98, (c) c/a = 1.0 and (d) c/a = 1.02.

In the next section, we will give a detailed discussion about the effect of the hydrostatic strain and
tetragonal deformation on the magnetism of FeRhCrSi and FePdCrSi compounds. In Figures 9 and 10,
the curves of the total and partial magnetic moments as functions of lattice constants and c/a ratios
for FeRhCrSi and FePdCrSi are given. Clearly, one can observe that the total and partial magnetic
moments of FeRhCrSi and FePdCrSi present quite a similar behavior with the change of the lattice
constants and c/a ratios. From Figure 9, one can clearly observe that the total magnetic moments
of both the FeRhCrSi and FePdCrSi compounds are always fixed into an integer value of 3 μB and
4 μB in the whole variational range. The atomic moments of the Fe and Cr atoms are very sensitive to
the hydrostatic strain. The atomic moment of the Fe atom decreases with the increasing of the lattice
constant. Whereas, the atomic moment of the Cr atom shows a growing trend with the increase of the
lattice constant. Thus, the total magnetic moments of FeRhCrSi and FePdCrSi compounds can keep a
fixed value in the whole variational range of the lattice constant. In Figure 10, one can observe that
both the total and atomic magnetic moments of FeRhCrSi and FePdCrSi almost maintain an invariant
constant with the variation of c/a ratios. This indicates that the magnetic properties of the FeRhCrSi
and FePdCrSi are also not sensitive to the tetraganal deformation.

Figure 9. The total and partial magnetic moments as functions of lattice constants for (a) FeRhCrSi and
(b) FePdCrSi.
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Figure 10. The total and partial magnetic moments as functions of c/a ratios for (a) FeRhCrSi and
(b) FePdCrSi.

4. Conclusions

In summary, we have calculated the electronic, magnetic, half-metallic, structural stability and the
mechanical properties of the new designed EQH compounds FeRhCrSi and FePdCrSi by using the
first-principles method. The conclusions are listed as below:

(1) FeRhCrSi and FePdCrSi compounds are two new ferrimagnetic HMs with a wide half-metallic
band gap of 0.336 eV and 0.177 eV, respectively.

(2) The half-metallicity of the FeRhCrSi and FePdCrSi compounds are very robust to the hydrostatic
strain or tetragonal distortion. Especially for FeRhCrSi, the half-metallicity can be kept in a wide
lattice constant range (5.28 Å–5.85 Å) under hydrostatic strain and a c/a ratios range (0.98–1.08)
under tetragonal distortion, respectively.

(3) The total magnetic moment of FeRhCrSi and FePdCrSi compounds are 3 μB and 4 μB, respectively,
which obey the Slater–Pauling rule: Mt = Zt-24. The main contributor of the total magnetic
moments are both Cr atom for FeRhCrSi and FePdCrSi.

(4) The large negative values of the calculated formation energy and cohesion energy show the
direct evidence of the chemical and thermal stability for FeRhCrSi and FePdCrSi compounds.
This indicates that they are likely to be synthesized in the experiment.

(5) The elastic constants and the various moduli indicate the mechanical stability of FeRhCrSi and
FePdCrSi compounds.
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Abstract: In this study, the interface structures, atom-resolved magnetism, density of states, and spin
polarization of 10 possible atomic terminations in the Ti2CoAl/MgO(100) heterojunction were
comprehensively investigated using first-principle calculations. In the equilibrium interface structures,
the length of the alloy–Mg bond was found to be much longer than that of the alloy–O bond because of
the forceful repulsion interactions between the Heusler interface atoms and Mg atoms. The competition
among d-electronic hybridization, d-electronic localization, and the moving effect of the interface
metal atoms played an important role in the interface atomic magnetic moment. Unexpected interface
states appeared in the half-metallic gap for all terminations. The “ideal” half-metallicity observed in
the bulk had been destroyed. In TiAl–Mg and AlAl–O terminations, the maximal spin polarization of
about 65% could be reserved. The tunnel magnetoresistance (TMR) value was deduced to be lower
than 150% in the Ti2CoAl/MgO(100) heterojunction at low temperature.

Keywords: Heusler alloy; interface structure; magnetism; spin polarization

1. Introduction

The magnetic tunnel junction (MTJ) usually has a large tunnel magnetoresistance (TMR) value
and has become a key component of many advanced magnetic devices, such as the read heads
in hard-disk drives [1–4], magnetoresistive random access memories [5], and the next generation
of high-density, nonvolatile memories and logic devices [6–10] The core component of MTJ is a
“sandwich” stack usually consisting of two ferromagnetic layers and a seeding layer. The direction
of the two magnetizations of the ferromagnetic layers can be switched individually by an external
magnetic field. If the magnetizations are in a parallel orientation, the electrons tend to tunnel through
the seeding layer more than if they are in the antiparallel orientation. Consequently, such a MTJ can be
switched between two states of electrical resistance—one with low and one with very high resistance.
In MTJ, the TMR value is the most important parameter, which can be defined by the Julliere formula
with the spin polarizations of the ferromagnetic electrodes as follows [11]:

TMR = 2P1P2/(1 − P1P2), (1)
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where P1 and P2 denote the spin-polarized values of two ferromagnetic layers. The P value can be
defined as follows:

P = (N↑ − N↓)/(N↑ + N↓), (2)

where N↑ and N↓ are the spin-up and spin-down state densities at the Fermi level, respectively.
Obviously, the key technologies for MTJ applications aim to increase the spin polarization of
ferromagnetic films in MTJ devices. However, achieving such aim is a very complicated task. Atomic
disordering [12,13], surface states [14], interface states [15], and thermal effects [16–18] are the fatal
reasons for depolarizing ferromagnetic films.

As a major breakthrough in this field, the fabrication of epitaxial Heusler MTJ can exploit
coherent electronic tunneling to produce a large TMR, even at room temperature. In 2004, Parkin and
co-workers obtained TMR values of up to 220% at room temperature and 300% at low temperatures for
CoFeB/MgO/CoFeB MTJ-oriented (100) MgO tunnel barriers and CoFe electrodes [19]. In 2011, a TMR
value of about 600% was reported for Co2MnAlSi/MgO/CoFe MTJ [20]. The current record for the
highest Heusler TMR observed experimentally is held by Co2MnSi/MgO/Co2MnSi, which produced
a TMR ratio of 1995% at 4 K [21]. From the ab initio calculation, a theoretical TMR value of about 106

was detected in Co2CrSi/Cu2CrAl/Co2CrSi [22]. Recently, an extremely high TMR value exceeding
25,000% was detected in a binary all-Heusler stack Fe3Al/BiF3/Fe3Al at low bias [23]. Therefore,
the MgO-based Heusler MTJ holds great potential for TMR device applications.

Heusler alloys are a large family of binary (X3Z), ternary (X2YZ), and quaternary (X1X2YZ)
compounds with more than 1500 known members and an impressive range of properties [24]. In these
compounds, X and Y generally denote a transition metal, while Z denotes an sp-element or a main
group element. In general, ternary Heusler alloys have two high-ordered structures, namely, the classic
Cu2MnAl-type structure and the newly discovered Hg2CuTi-type structure. The conventional
Cu2MnAl-type Heusler alloy X2YZ with FM-3M space group consists of four fcc sublattices. In Wyckoff
coordinates, X is located at (0, 0, 0) and (0.5, 0.5, 0.5), Y is located at (0.25, 0.25, 0.25), and Z is located at
(0.75, 0.75, 0.75). Each X atom has four Y and Z atoms as nearest neighbors, thereby presenting the
same X atomic surrounding. Unlike the Cu2MnAl-type structure, the Hg2CuTi-type Heusler alloy,
also known as the inverse Heusler alloy, has composition X2YZ bear F-43M space group. The neighbor
X atoms occupy the locations at (0, 0, 0) and (0.25, 0.25, 0.25), the residual Y enters (0.5, 0.5, 0.5), and Z
is located at (0.75, 0.75, 0.75). Given the different surroundings of neighboring X atoms, the d-states
hybridization must be remodulated according to magnetic atomic electronegativity. Such remodulation
results in novel magnetism and electronic properties and surface or interface behaviors.

Given that high Curie temperature and magnetism follow the Slater–Pauling rule,
the Cu2MnAl-type Heusler alloys have received attention in earlier studies. Many Cu2MnAl-type
Heusler alloys, such as Co2MnX (X = Si, Ge, Sn) [25], Mn2CoZ (Z = Al, Ga, In, Si, Ge, Sn, Sb), [26] and
Cr2MnZ (Z = P, As, Sb, and Bi) [27], have been predicted with half-metallicity from theoretical
ab initio calculations and experimental investigations. TMR experiments of the classic Heusler
compound MTJs highlighted significant magnetoresistive effects of these junctions and their potential
applications [21,22,28]. However, inverse Ti-based Heusler alloys, such as Ti2VAl [29], Ti2FeIn [30],
and Ti2MnGa [31], have been previously predicted with “ideal” half-metallicity in the bulk phase from
first-principle calculations. The relatively high experimental TMR values of approximately 262% at a
low temperature and 159% at room temperature have been reported for the Fe-based inverse Heusler
Fe2CoSi/MgO/Co3Fe [32]. However, research on the MTJs of inverse Heusler alloys is still in its
infancy. Moreover, to the best of our knowledge, the theoretical or experimental evidence supporting
high spin polarization in MTJs for inverse Heusler alloy systems remains scarce.

In our previous work, the inverse Heusler alloy Ti2CoAl was intensively studied owing to its
theoretical 100% spin polarization in the bulk phase from first-principle calculations. The doping effects
of d-electrons on the electronic structure and magnetism of the inverse Heusler alloy Ti2CoAl were
also investigated by substituting Nb and V atoms with Ti(A) and Ti(B) atoms. The doped compounds
Ti1.25V0.75CoAl and Ti1.5Nb0.5CoAl effectively inhibited the spin-flip excitation and were shown to be
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promising candidates for spintronic applications [33]. We also investigated the effect of swap, antisite,
and vacancy defects on the inverse Heusler alloy Ti2CoAl. A Ti vacancy and a high spin polarization of
around 95% were observed in the Co–Al swap [12]. For Heusler MTJ applications, evidence of high spin
polarization on the surface are crucial because the potential surface states appearing in the minority
spin gap can easily destruct the “ideal” spin polarization in the bulk phase, as has been reported many
times in Cu2MnAl-type Heusler alloys. Moreover, (100) surfaces have been comprehensively detected
for the Ti2CoAl system by researchers. Given the surface states, the calculated surfaces failed to
preserve the half-metallicity observed in the bulk, and high surface spin polarizations were predicted
in only the CoCo and AlAl terminations [34].

To obtain direct evidence of inverse Heusler MTJs, we extended our research to Ti2CoAl
heterojunctions. Given its popular use as a binary semiconductor and its well-matching structure
with that of Heusler alloys, MgO was selected as the seeding layer in Ti2CoAl MTJ. Therefore,
the Ti2CoAl(100)/MgO interfaces were further examined in this work. Given the fact that interface
atomic disorder can significantly change the spin polarization of Heusler MTJs [14], apart from
the standard epitaxial Heusler terminated surfaces cleaved along the Miller indices (100) crystal
direction (i.e., TiCo and TiAl terminations), the modified artificial terminations that cape the pure
atoms (i.e., TiTi, CoCo, and AlAl terminations) were also examined to extensively search for possible
films with a high spin polarization. In this work, inverse Heusler surfaces were epitaxially grown on an
MgO(100) substrate to create possible Ti2CoAl(100)/MgO heterojunctions. To understand the physical
and chemical properties of the inverse alloy Ti2CoAl/MgO interface, the structures, magnetism,
and electronic properties of Ti2CoAl(100)/MgO heterojunctions with varying atomic interfaces were
comprehensively investigated.

2. Structures and Calculation Methods

In the calculations, the Ti2CoAl bulks with an Hg2CuTi structure were geometrically optimized
to find the minimal energy structures. Afterward, the optimized bulk structure was cleaved along
the Miller indices (100) crystal direction to create all cases of “ideal” epitaxial terminated surfaces,
namely, TiCo and TiAl terminations. The modified TiTi, CoCo, and AlAl terminations were created
by the surface atoms that act as substitutes for the Ti, Co, and Al atoms in the “ideal” terminations.
In the interface calculations, nine and seven atomic layers were taken for Heusler alloys and MgO,
respectively, and they were connected with each other to form a supercell. When all possible atomic
interfaces came in contact with one another, 10 potential Ti2CoAl/MgO(100) junctions were created,
as shown in Figure 1. The thicknesses of these junctions were large enough for the central regions.
The tested calculations revealed that the atomic moments in the middle layer were extremely close to
the bulk values. In the interface calculations, we only focused on the region of three interface layers
in the heterojunction given that they produced the greatest influence on the electronic and magnetic
properties of Ti2CoAl/MgO(100) junctions.

All calculations were performed using the CASTEP Package and by adopting the density
functional theory (DFT). The exchange–correlation interaction was described by performing
Perdew–Burke–Ernzerhof (PBE) generalized gradient approximation (GGA) [35]. To deal with the
electron–ion interaction, we adopted Vanderbilt-type ultrasoft pseudopotentials [36] and the valence
electron configurations of Ti (3d24s2), Co (3d7s2), Al (3s23p1), Mg (3s2), and O (2s22p4). For the
optimizations of the bulks, we initially assumed that all alloys were ferromagnetic and then applied
spin polarization and the 7 × 7 × 7 mesh of special k-points in the Brillouin zone. In the self-consistent
calculation, we selected the refined 1 × 10−6 eV/atom and 360 eV as the self-consistent field (SCF)
convergence criterion and energy cutoff, respectively. When the positions of atoms were relaxed,
we set a convergence criterion of 0.02 eV/Å. To investigate the electronic density of states, we inserted
a refined 0.3 Å grid space between k-points in the Brillouin zone. For the interface calculations,
we geometrically optimized all supercells using the same parameters employed in the bulk calculation.
All technical parameters were tested carefully to ensure the accuracy of the results.
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Figure 1. 10 lowest energy terminations in the Ti2CoAl/MgO(100) heterojunction after geometry
optimization. (a) TiAl–Mg termination; (b) TiCo–Mg termination; (c) CoCo–Mg termination; (d) TiTi–Mg
termination; (e) AlAl–Mg termination; (f) TiAl–O termination; (g) TiCo–O termination; (h) CoCo–O
termination; (i) TiTi–O termination; and (j) AlAl–O termination. Color code: O (red), Mg (green), Ti (gray),
Co (blue) and Al (pink).

3. Results and Discussion

3.1. Interface Structures

The structures in Figure 1 represent the lowest-energy configurations after the geometry
optimization. The interface atomic layers were planar before the optimization, and the optimized
atomic layers were uneven due to the different atomic interactions. As can be seen in Figure 1a–e,
in the alloy–Mg terminations, all interface atoms, especially the Co atoms, demonstrated an inward
movement, which was similar to their surface behaviors in Heusler alloys [14,34]. In the Heusler
terminations where the interface atoms came in contact with the top Mg atoms, the Heusler and
MgO atomic layers were repelled very far. For the alloy–O terminations, the distance between the
Heusler and MgO layers was reduced due to the atomic bonding interaction at the interface layers
(see Figure 1f–j). The shrinking phenomenon of interface atoms could still be observed.

Table 1 lists the bond types and lengths at different interfaces. The Co–Mg bond in the CoCo–Mg
termination had the longest length, while the Al–O bond in the AlAl–O termination had the shortest
length. The bond lengths in the alloy–Mg terminations were obviously longer than those in the alloy–O
terminations because of the forceful repulsion interactions between the Heusler interface atoms and
the Mg atoms, especially those between the metal and Mg atoms. Moreover, the interface repulsion
interactions of metal–Mg or metal–O were more vigorous than those of Al–Mg or Al–O. In the TiCo–Mg
and TiCo–O terminations, the bond lengths of Co–Mg and Co–O were longer than those of Ti–Mg and
Ti–O, thereby creating an uneven interface atomic layer that led to further spin electronic scattering
from the mechanical mismatch interface layers to weaken the spin polarization [37].

92



Appl. Sci. 2018, 8, 2336

Table 1. Bond lengths at the interfaces.

Interface Termination Bond Type Bond Length (Å)

CoCo–Mg Co–Mg 4.28
TiTi–Mg Ti–Mg 4.05
AlAl–Mg Al–Mg 3.99
TiAl–Mg Al–Mg 3.99

Ti–Mg 4.06
TiCo–Mg Al–Mg 3.55

Co–Mg 4.02
CoCo–O Co–O 2.07
TiTi–O Ti–O 2.14
AlAl–O Al–O 2.06
TiAl–O Al–O 2.16

Ti–O 2.15
TiCo–O Ti–O 2.08

Co–O 2.83

3.2. Interface Magnetic Behaviors

Table 2 summarizes the atom-resolved magnetic moments (AMMs) at the interface and
subinterface layers in Ti2CoAl and at the interface layer in MgO for various terminations of the
Ti2CoAl/MgO(100) interface. To facilitate comparisons with the bulk and surface values, the calculated
atom-resolved magnetic moments per cell in Ti2CoAl bulk and (100) surfaces (TiAl termination and
TiCo termination) are also listed in this table. The AMMs from the middle layers were close to
the corresponding bulk values, thereby indicating that the implemented GGA + PBE scheme could
reliably deal with the Heusler hertrojunction system. The middle layer is also called the bulk-like layer.
Following the reduction of atomic coordination numbers at the surfaces, the crystal field was weakened,
and the localization of d-electron atoms were enhanced, thereby resulting in the rehybridization of Ti
and Co atoms. As a result, the surface Ti AMM was obviously enhanced when compared with the bulk
value. For the surface and subsurface Co atoms, the AMM slightly decreased owing to the enhanced
d-electronic hybridization caused by the surface Co atomic shrink. This same result had also been
obtained in our previous work [34]. Similar surface behaviors were also observed in Ti2FeGe(001) [38]
and Co2MnGe(111) [39].

Interface AMMs are various and complex. The Ti may be located at the (0, 0, 0) or (0.25, 0.25,
0.25) sites and presents different AMMs in the bulk [29]. Table 2 shows that in the alloy–Mg
terminations, the interface and subinterface Ti AMMs were slightly larger than those at the middle
layers, thereby suggesting that the d-electron localization originating from relatively large metal–Mg
bond lengths was enhanced. However, for the interface Co atom, the fierce inward shrink promoted
the d-electron hybridization to resist d-electronic localization. Therefore, the interface Co AMMs,
except for the CoCo–Mg termination, slightly decreased. In the alloy–O terminations, the relatively
short metal–O bond lengths reduced the part of d-electron localization, thereby leading to a remarkable
direct magnetic exchange. Therefore, the interface or subinterface Ti and Co AMMs in the alloy–O
terminations, except for the CoCo–O termination, had low values. The modified CoCo–O or CoCo–Mg
terminations were created by the surface atoms substituted for the Ti atoms in the “ideal” TiCo–Mg or
TiCo–O terminations. Therefore, the two interface Co atoms had different magnetic properties. In the
CoCo–Mg and CoCo–O terminations, given that the periodic structure of the Heusler crystal field
was cut off and considering the competition between the localization and hybridization of d-electrons,
the interface Co AMM was a large value, especially in the CoCo–Mg termination. Meanwhile, for the
interface Al atom, the absolute value of AMMs decreased as a result of the reduced magnetic atoms.
In MgO films, the interface or subinterface Co and Mg atoms suffered from an extremely small spin
polarization and had zero spin magnetism in most cases.
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Table 2. Atom-resolved magnetic moments at interface and subinterface layers in Ti2CoAl and the
interface layer in MgO. The number following “*” denotes the atoms at the subinterface, while the
number enclosed in brackets denotes the magnetism coming from different atomic sites.

Termination Layers Ti Co Al O Mg

bulk 0.94 (1.68) −0.48 −0.14 0.00 0.00

TiAl (100) surface 1.08 −0.36 −0.18 0.00 0.00

TiCo (100) surface 1.70 −0.20 −0.10 0.00 0.00

TiAl–Mg interface 1.10 −0.40 * −0.20 0.04 0.00
middle layer 0.88 (1.59) −0.32 −0.12 0.00 0.00

TiCo–Mg interface 1.64 −0.07 0.09 * 0.02 0.02
middle layer 0.82 (1.62) −0.24 −0.12 0.00 0.00

CoCo–Mg interface −0.20 * 1.26(0.16) −0.06 * 0.00 0.00
middle layer 0.84 (1.66) −0.34 −0.12 0.00 0.00

TiTi–Mg interface 1.02 0.28 * − 0.02 0.03
middle layer 0.86 ( 1.66) −0.34 −0.14 0.00 0.00

AlAl–Mg interface 0.34 * 0.40 * −0.02 0.00 0.00
middle layer 0.86 (1.6) −0.34 −0.12 0.00 0.00

TiAl–O
interface 0.90 −0.22 * −0.08 0.00 0.02

middle layer 0.88 (1.64) −0.44 −0.16 0.00 0.00

TiCo–O
interface 0.76 −0.12 0.08 * 0.04 0.02

middle layer 0.88 (1.62) −0.08 0.12 0.00 0.00

CoCo–O
interface 0.18 * 0.32(0.14) −0.06 * 0.00 0.00

middle layer 0.80 (1.66) −0.38 −0.12 0.00 0.00

TiTi–O
interface 0.32 0.10 * − 0.00 0.00

middle layer 0.88 (1.76) −0.44 −0.12 0.00 0.00

AlAl–O
interface 1.46 * 0.56 * −0.02 0.00 0.00

middle layer 0.86 (1.70) −0.40 −0.12 0.00 0.00

3.3. Interface Electronic Properties

In order to analyze the electronic properties of interface layer atoms, the densities of state (DOS)
of the two outermost layer atoms in Heusler alloy Ti2CoAl and the first interface layer atom in MgO
for 10 potential terminations were analyzed in the Ti2CoAl/MgO surpercell. Figure 2 shows that
the atom-resolved DOS at the middle layer was extremely close to the feature of the bulk. In all
10 terminations, we could find that the spin-down gap in the bulk had been destroyed. In TiAl–Mg
and AlAl–O termination, the spin-down gap narrowed down compared with the middle layers. In the
rest of the eight terminations, some peaks from interface/subinterface Co or Ti atoms appeared in
the spin-down gap and crossed the Fermi level. For the interface/subinterface Al atom, a slight spin
polarization was observed at the Fermi level. In all 10 terminations, all interface Mg and O atoms
suffered an extremely small spin polarization at the Fermi level, thereby indicating that the interface
alloy–Mg and alloy–O bonding was not strong enough to contribute to the electronic properties at the
Fermi level. Unfortunately, unexpected interface states appeared at the Fermi level and destroyed the
“ideal” half-metallicity observed in the bulk. Meanwhile, the interface states in the AlAl–Mg, TiTi–Mg,
TiCo–Mg and TiTi–O terminations had entirely filled the spin-metallic gaps in the spin-down channel
at the Fermi level. By contrast, in the CoCo–Mg and CoCo–O terminations, the electronic structure was
very similar to the behavior of the middle layer atoms. Evidence of high spin polarization has been
previously reported in the CoCo termination of the Ti2CoAl(100) surface system [34]. In the TiAl–Mg
and AlAl–O terminations, the half-metallic gap suffered minimal destruction, and the DOSs were in
accordance with that of the middle layer atoms. We deduced that a high spin polarization might be
reserved in these terminations.
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Given the significance of interface polarization in MTJs, we examined the interface spin
polarizations in various terminations, especially for the several interface layers in contact with the MgO
slab. Table 3 summarizes the spin polarization P, spin-up state density N↑, and spin-down state density
N↓ at the Fermi level. The contributions from the interface and subinterface layers in Ti2CoAl (labeled
I-type) and from the three interface layers with the addition of the first interface layer in MgO (labeled
II-type) were also analyzed. Surprisingly, the lowest value was less than 1% in three interface layers
for the TiTi–Mg terminations for the TiCo–Mg, TiAl–Mg, and AlAl–Mg terminations. However, for the
first two interface layers in the Ti2CoAl slab, the P value was the largest. According to the Julliere
formula, we could deduce that the TMR value was not larger than 150% in the Ti2CoAl/MgO(100)
heterojunction at low temperature.

Figure 2. Cont.
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Figure 2. The densities of state (DOS) of the two outermost layer atoms in Heusler alloy Ti2CoAl
and the first interface layer atom in MgO for 10 potential terminations in Ti2CoAl/MgO junctions.
(a) TiAl–Mg termination; (b) TiCo–Mg termination; (c) TiTi–Mg termination; (d) CoCo–Mg termination;
(e) AlAl–Mg termination; (f) TiAl–O termination; (g) TiCo–O termination; (h) TiTi–O termination;
(i) CoCo–O termination; and (j) AlAl–O termination.

Table 3. Spin polarization P, spin-up state density N↑ at the Fermi level, and spin-down state density
N↓ at the Fermi level. I-type includes the interface and subinterface layers in Ti2CoAl, while the II-type
comprises I-type layers and the interface layer in MgO.

Interface Layers TiAl–Mg TiCo–Mg CoCo–Mg TiTi–Mg AlAl–Mg

I-type P (%) 66.21 20.16 8.22 −1.23 22.36
I-type N↑ (states/eV) 5.51 6.55 3.44 6.30 4.60
I-type N↓ (states/eV) 1.12 4.35 2.92 6.46 2.92

II-type P (%) 65.72 19.85 8.13 −0.77 22.25
II-type N↑ (states/eV) 5.59 6.61 3.46 6.42 4.67
II-type N↓ (states/eV) 1.16 4.42 2.94 6.52 2.97

Interface Layers TiAl–Mg TiCo–Mg CoCo–Mg TiTi–Mg AlAl–Mg

I-type P (%) 30.51 54.62 46.50 −27.96 68.83
I-type N↑ (states/eV) 3.58 7.02 4.42 3.38 3.48
I-type N↓ (states/eV) 1.91 2.06 1.61 6.00 0.64

II-type P (%) 30.29 54.20 46.34 −27.27 65.20
II-type N↑ (states/eV) 3.72 7.51 4.58 3.47 3.61
II-type N↓ (states/eV) 1.99 2.23 1.68 6.07 0.76
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4. Conclusions

Using the first-principle calculations within DFT, the interface structures, atom-resolved magnetism,
atom-resolved DOS, and spin polarization of 10 atomic terminations in the Ti2CoAl/MgO(100)
heterojunction were systematically examined. The results revealed that in equilibrium interface structures,
the length of the alloy–Mg bond was much longer than that of the alloy–O bond because of the forceful
repulsion interactions between the Heusler interface atoms and Mg atoms, especially those between
metal atoms and Mg atoms. Owing to the competition among d-electron hybridization, d-electron
localization originating from interface atomic bonding, and the moving effect of interface metal atoms,
the interface atomic magnetic moments were complex and varied. In general, the interface atomic
magnetism was slightly larger than the corresponding bulk-like layer atoms in alloy–Mg terminations.
However, the opposite magnetic behavior was observed in alloy–O terminations. Analyzing the
electronic properties near the Fermi level, we found that unexpected interface states appeared at
the Fermi level for all terminations and destroyed the “ideal” half-metallicity observed in the bulk.
A minimal destruction in the half-metallic gap and a maximal spin polarization of approximately 65%
could only be observed in TiAl–Mg and AlAl–O terminations. From the Julliere formula, we could
deduce that the TMR value was not larger than 150% in the Ti2CoAl/MgO(100) heterojunction at
low temperature.
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Abstract: Employing first-principle calculations, we investigated the influence of the impurity,
Fe atom, on magnetism and electronic structures of Heusler compound Ti2CoSi, which is a spin
gapless semiconductor (SGS). When the impurity, Fe atom, intervened, Ti2CoSi lost its SGS property.
As TiA atoms (which locate at (0, 0, 0) site) are completely occupied by Fe, the compound converts to
half-metallic ferromagnet (HMF) TiFeCoSi. During this SGS→HMF transition, the total magnetic
moment linearly decreases as Fe concentration increases, following the Slate–Pauling rule well. When
all Co atoms are substituted by Fe, the compound converts to nonmagnetic semiconductor Fe2TiSi.
During this HMF→nonmagnetic semiconductor transition, when Fe concentration y ranges from
y = 0.125 to y = 0.625, the magnetic moment of Fe atom is positive and linearly decreases, while those
of impurity Fe and TiB (which locate at (0.25, 0.25, 0.25) site) are negative and linearly increase. When
the impurity Fe concentration reaches up to y = 1, the magnetic moments of Ti, Fe, and Si return to
zero, and the compound is a nonmagnetic semiconductor.

Keywords: Heusler alloy; electronic structure; magnetism; doping

1. Introduction

As one of the most outstanding material classes, Heusler compounds with a chemical formula
of X2YZ are a large family containing more than 1500 members [1,2]. When the number of valence
electrons (VEs) of X atom is more than that of Y atom, Heusler compounds are known to be of a
conventional type, i.e., Cu2MnAl type with a space group of FM-3M, see Figure 1a [3]. While, when
the number of VEs of X atom is less than that of Y atom, Heusler compounds crystallize in an inverse
type, i.e., Hg2CuTi type with space group of F-43M, see Figure 1b [4]. In addition, when two X atoms
are different, the chemical formula of Heusler compounds converts to XX’YZ, and it is a quaternary
type, i.e., LiMgPbSn type with space group of F-43M, see Figure 1c [5,6]. Owing to the fact that
there is huge number of Heusler compounds that could be comprised by a combination of different
elements, Heusler compounds exhibit diverse properties. Several Heusler compounds, such as
Co2MnSi, Ti2CoAl, CoFeMnAl, and others, have been theoretically predicted and experimentally
confirmed to be half-metallic ferromagnets [7–13]. Due to the special band structure, that the majority
of the band shows metallicity, while an energy gap exists in the minority band, half-metallic Heusler
compounds could offer theoretically 100% spin-polarized current. Besides, most of the half-metallic
Heusler compounds possess high Curie temperature, and their lattice constants are very close to many
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semiconductors, such as MgO and GaAs. They are, therefore, regarded as one of the most excellent
candidates for electrode materials of spintronics devices, such as magnetic tunnel junctions (MTJ)
and current-perpendicular-to-plane spin valves (CPP-SV), and have a great application potential in
magnetic random access memory (MRAM), ultra-high-speed reading in magnetic read heads of hard
disk drivers (HDD) and spin transfer torque (STT) devices in spin random access memory [14–21].
In addition, a lot of Heusler compounds, especially half-Heusler compounds with chemical formula of
XYZ, exhibit semiconductor character. Owing to high Seebeck coefficient, large electrical conductivity,
good thermal stability, and environmentally friendly constituents, semiconducting Heusler compounds,
such as n-type MNiSn (M = Ti, Zr, Hf) and p-type ErNiSn, HfPtSn, became promising thermoelectric
materials which could recycle waste heat into electricity [22–25]. Hence, they are great useful for
wearable devices like smart watches, and for sensors in industrial process monitoring. More recently,
much attention has been paid to a new subfamily of Heusler compounds which were characterized
with a novel band structure, that there is an energy gap that lies in minority bands, while the valence
and conduction band edges of the majority of electrons touch at Fermi level, resulting in a zero-width
gap. They are, therefore, classified to be spin gapless semiconductors (SGSs) [26]. Heusler compound
Mn2CoAl with SGS properties has been successfully fabricated, and high Curie temperature (TC) of
720 K as well as magnetism of 2 μB were detected [27–29]. Others, like Ti2CoSi and CoFeCrGa, also
received intense research interest [30–34]. Owing to the extraordinary band structure, both electrons
and holes of SGS Heusler compounds can be spin-polarized, and almost no threshold energy is
required to move electrons from the valence band to the conduction band, as the mobility of carriers is
stronger than that in regular semiconductors. Hence, they are considered to be possible candidates to
substitute for diluted magnetic semiconductors (DMS) [35]. Due to the reason that diverse valence
electrons configurations of Heusler compounds result in varied magnetic properties and electronic
structures, in this paper, we studied the influence of impurity Fe atom on magnetism and electronic
structures of Heusler compound Ti2CoSi.

Figure 1. Schematic representation of (a) Cu2MnAl-type Heusler compound; (b) Hg2CuTi-type Heusler
compound; (c) LiMnPbSn-type Heusler compound.

2. Structures and Calculation Methods

All calculations are performed by employing the VASP Package based on the density functional
theory (DFT) [36]. Plane-wave basis sets, together with the projector-augmental wave (PAW) [37]
method, are chosen to deal with electron–ion interaction. The valence-electron configurations of Ti
(3d24s2), Fe (3d64s2), Co (3d74s2), and Si (3s23p2) are selected. The 7 × 7 × 7 mesh of special k-points in
the Brillouin zone is applied. In the self-consistent calculation, we select the refined 1 × 10−6 eV/atom
as the SCF convergence criterion, and 360 eV as energy cutoff, respectively. When the positions of
atoms are relaxed, we set a convergence criterion of 0.02 eV/Å. All structures are built with 2 × 1 × 1
supercell. For the doped compound calculations, we geometrically optimize all supercells by using the
same parameters employed in the bulk calculation. All technical parameters have been tested carefully
to ensure the accuracy of the results.
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3. Results and Discussion

Interface Structures

The electronic structure of Ti2CoSi is firstly calculated. In Figure 2, there is a large energy gap of
0.671 eV exists in spin down band, and the Fermi level locates at the top of the gap. Such an energy
gap is a result of exchange splitting between spin down unoccupied antibonding bands (which are
localized at Co, TiA and TiB atoms) and spin down occupied bands (which are predominantly of Co
character). As for spin up band, it exhibits an obvious zero-width gap around the Fermi level. It also
can be seen from Figure 3 that the maximum of the valence band sits at Γ point, while the minimum of
the conduction bands locates at X point; such a closed spin up gap, therefore, is an indirect gap.

 

Figure 2. The electronic structure of Ti2CoSi.

When Fe atom is introduced into Ti2CoSi, it could lead to four doping structures, thus, X(Fe)
doping structure where X atom (X = TiA, TiB, Co, Si) is substituted by an Fe atom. In order to determine
which doping structure is more favorable, the formation energy is calculated by the following equation
Ef = E′ − E − ∑

i
niμi, where Ef is formation energy, and E′ and E are total energy of the doping

structure and undoping structure, respectively. The integer ni is the number of atoms that has been
removed from (ni is negative value) or added to (ni is positive value) to form the disorders, and μi is
the corresponding chemical potential which represents the energy of the reservoirs. According to our
calculation, the highest Ef of 1.028 eV belongs to TiB(Fe) doping structure, and that of Co(Fe) and Si(Fe)
are also as high as −0.023 eV and −0.018 eV, respectively, while the minimal Ef of −0.927 eV occurs
in TiA(Fe) doping structure. It reveals that TiB, Co, and Si atoms are hard to be replace by Fe atom,
however, TiA atom could be easily replaced with Fe atom. Therefore, we focus on the TiA1−xFexTiBCoSi
doping structure, where the doping concentration x = 0, 0.125, 0.25, 0.375, 0.5, 0.625, 0.75, 0.875, and 1.
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Figure 3. The band structure of Ti2CoSi. (a) Spin-up band structure. (b) Spin-down band structure.

In Figure 4, when the Fe atom intervenes in Ti2CoSi and the doping concentration increases, the
zero-width gap in spin up states is destroyed, and the spin up band strides over the Fermi level and
shows metallic behavior. On the other hand, doping Fe atom produces a negative impact on the spin
down energy gap, causing the width of the gap to vanish, and the Fermi level drops into a spin down
conduction band. As a result, the SGS character of Ti2CoSi is completely destroyed by the impurity
Fe atom. When the doping concentration x = 0.875, the top of the spin down valence band and the
bottom of spin down conduction band touch at Fermi level, and form an indirect closed spin down
gap. The doping structure, TiA0.125Fe0.875TiBCoSi, is a gapless half-metal. As the doping concentration
increases up to x = 1, the closed spin down gap is opened, while the spin up states still cross the
Fermi level. Therefore, when x = 1, the structure converts to a quaternary Heusler alloy TiFeCoSi with
half-metallic character.

It can be seen from Figure 5 that TiFeCoSi possesses a wide half-metallic energy gap of about
0.56 eV, and the Fermi level is located slightly above the middle of the gap and, hence, it is predicted
to have stable half-metallicity. Both spin down occupied bonding bands and spin down unoccupied
antibonding bands are mainly localized by Co and Fe atoms. Figure 6 shows the half-metallicity of
TiFeCoSi as a function of the lattice constant, and it holds the half-metallic energy gap when its lattice
constant increases from 5.4 Å to 6.1 Å. When the lattice constant is 5.4 Å, the Fermi level lies at the top
of spin down valence band, and when TiFeCoSi is further compressed, the Fermi level would drop
into the valence band and lose its half-metallicity. With the lattice constant increases, the Fermi level
gradually moves from a low energy zone to a high energy zone. As the lattice constant increases up
to 6.1 Å, the Fermi level locates at the bottom of spin down conduction band, and when TiFeCoSi
is further stretched, the Fermi level would move into the conduction band, and half-metallicity is
also destroyed.
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Figure 4. The band structures of TiA1−xFexTiBCoSi.

Figure 5. The electronic structure of TiFeCoSi.
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Figure 6. Dependence of the half-metallic state on the lattice constant. The dotted line indicates the
half-metallic state at equilibrium lattice constant.

The atom-resolved spin magnetic moment (AMM) and total magnetic moment (TMM) of Fe
doped Ti2CoSi as a function of Fe concentration is shown in Figure 7. As for pure Ti2CoSi, TiA and
TiB contribute the main part of TMM, while Co offers a small part, due to the reason that low valence
transition metal Ti atom has larger spin splitting than the high valence transition metal Co. When Fe
atom doping in Ti2CoSi forms TiA1−xFexTiBCoSi, the contribution of Fe atom to the TMM is lower
than TiA atom. As the Fe doping concentration increases, the AMM of TiA, TiB, and Fe atoms lineally
decline, while AMM of the Co atom is enhanced, and it is almost as high as Fe atom when the doping
concentration increases to x = 1. It also can be seen that when x ranges from 0 to 0.625, the AMMs
of TiA, TiB, Fe, and Co are positive values, indicating the ferromagnetic arrangement among these
transition metal elements. While, when x > 0.625, the AMM of TiB atom reverses to a negative value,
leading to the fact that the doped structure changes into a ferrimagnet. Overall, the TMM lineally
decreases with Fe concentration increases, and it is in good agreement with the Slater–Pauling rule,
which can be written as TMM = Z − 24, where Z is the total number of valence electrons.

 
Figure 7. The calculated total magnetic moment and atom-resolved spin magnetic moments (AMMs)
of the Co, Fe, TiA, and TiB atoms of TiA1−xFexTiBCoSi as a function of impurity Fe concentration x.
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Based on the half-metallic TiFeCoSi, we continue to introduce the impurity, Fe atom, and impurity
Fe may occupy Ti, Co, or Si atoms, forming a Ti(Fe), Co(Fe), or Si(Fe) doping structure, respectively.
The formation energy of these three possible doping structures are also calculated by Equation (1).
Si(Fe) and Ti(Fe) doping structures respectively exhibit high formation energies of 1.895 eV and 1.437 eV,
revealing that Si and Ti are hard to be replaced by Fe atom. While Co(Fe) doping structure possesses
the minimal formation energy of −0.153 eV, indicating that the Co atom is easily occupied by Fe atom
and forms the TiFeCo1−yFeySi doping structure, where y is the concentration of the impurity Fe atom,
and y = 0.125, 0.25, . . . , 0.875, 1. Figure 8 shows the band structures of TiFeCo1−yFeySi. When impurity
Fe concentration y ranges from 0.125 to 0.625, spin up bands stride over the Fermi level, while there
is an obvious energy gap that exists in the spin down bands. Therefore, TiFeCo1−yFeySi maintains
its half-metallicity when the impurity Fe concentration increases from 0.125 to 0.625. As y increases
to 0.75, the Fermi level drops into the spin down conduction band, and the doping structure loses its
half-metallicity, and the spin polarization decreases to about 74%. In addition, with an increase of the
impurity Fe concentration, the overlap degree between spin up valence band and spin down valence
band increases. When y reaches up to 0.875, the Fermi level still exists in the spin down conduction
band, and there is much overlap between the spin up and spin down bands, and the energies of the
spin up and spin down bands are almost the same, making the spin polarization seriously drop to only
3%. Hence, the doping structure TiFeCo0.125Fe0.875Si can be regarded as pseudo-semiconductor. As the
impurity Fe concentration further increases up to y = 1, the spin up and spin down bands completely
overlap, and there is an energy gap of 0.418 eV that exists in both spin up and spin down band, and
the structure Fe2TiSi therefore converts to a semiconductor.

 
Figure 8. The band structures of TiFeCo1−yFeySi.
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The AMM and TMM of Fe doped TiFeCoSi as a function of impurity Fe concentration is exhibited
in Figure 9. When impurity Fe concentration increases from 0.125 to 0.75, AMM of Co atom has a
slight increase, while that of the Fe atom descends obviously. In addition, the absolute value of AMMs
of TiB and impurity Fe are weakened. It should be noted that when the impurity Fe concentration y
increases to 0.875, the AMM of Co atom suffers a sharp decline, and AMMs of all atoms are extremely
close to zero, owing to the fact that TiFeCo0.125Fe0.875Si shows a pseudo-semiconductor property.
Furthermore, AMMs of Co and Fe are positive values, while that of TiB and impurity Fe are negative
values, indicating that doping structure TiFeCo1−yFeySi is a ferrimagnet when y ranges from 0.125 to
0.75. As the impurity Fe concentration further increases up to y = 1, AMMs of all atoms are zero. As a
result, Fe2TiSi is a nonmagnetic semiconductor.

 
Figure 9. The calculated total magnetic moment and atom-resolved spin magnetic moments (AMMs)
of the Co, Fe, TiB, and impurity Fe (Fe*) atoms of the TiFeCo1−yFeySi as a function of impurity Fe
concentration y.

4. Conclusions

We investigated the influence of impurity Fe atom on magnetism and electronic structures of
Heusler compound Ti2CoSi by using the first-principle calculations within density functional theory
(DFT). Ti2CoSi is a spin gapless semiconductor (SGS) with an indirect closed spin down energy
gap. It lost its SGS property when the impurity Fe atom intervened, and when the concentration
of impurity Fe atom increases to x = 0.875, the compound shows gapless metal character. At the
doping concentration of x = 1, TiA atoms are completely occupied by impurity Fe atoms, and the
compound converts to TiFeCoSi, which is a half-metallic ferromagnet (HMF). During this SGS→HMF
transition, the total magnetic moment linearly decreases with the concentration of impurity Fe atom
increasing, which follows the Slate–Pauling rule well. When the impurity Fe further increases from y
= 0.125 to y = 0.625, the doping compounds maintain their half-metallicity. While, when the doping
concentration increases up to y = 1, the compound converts to semiconductor Fe2TiSi. During this
HMF→nonmagnetic semiconductor transition, when the concentration of impurity Fe atom ranges
from y = 0.125 to y = 0.625, the magnetic moment of Fe atom is positive and linearly decreases, while
that of impurity Fe and TiB are negative and linearly increase. When all Co atoms are substituted by
Fe atoms, the magnetic moments of Ti, Fe, and Si return to zero, and the compound, therefore, is a
nonmagnetic semiconductor.
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28. Galanakis, I.; Özdoğan, K.; Şaolu, E.; Blügel, S. Conditions for spin-gapless semiconducting behavior in
Mn2CoAl inverse Heusler compound. J. Appl. Phys. 2014, 115, 093908. [CrossRef]

29. Jamer, M.E.; Assaf, B.A.; Devakul, T.; Heiman, D. Magnetic and transport properties of Mn2CoAl oriented
films. Appl. Phys. Lett. 2013, 103, 2–7. [CrossRef]

30. Feng, Y.; Bo, W.; Yuan, H.; Kuang, A.; Chen, H. Magnetism and half-metallicity in bulk and (100) surface of
Heusler alloy Ti2CoAl with Hg2CuTi-type structure. J. Alloy. Compd. 2013, 557, 202–208. [CrossRef]

31. Bainsla, L.; Mallick, A.I.; Raja, M.M.; Coelho, A.A.; Nigam, A.K.; Johnson, D.D.; Alam, A.; Suresh, K.G.
Origin of spin gapless semiconductor behavior in CoFeCrGa: Theory and Experiment. Phys. Rev. B 2015, 92,
045201. [CrossRef]
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Abstract: We investigated the electronic and magnetic properties of bulk and monolayer CrSi2
using first-principle methods based on spin-polarized density functional theory. The phonon
dispersion, electronic structures, and magnetism of bulk and monolayer CrSi2 were scientifically
studied. Calculated phonon dispersion curves indicated that both bulk and monolayer CrSi2 were
structurally stable. Our calculations revealed that bulk CrSi2 was an indirect gap nonmagnetic
semiconductor, with 0.376 eV band gap. However, monolayer CrSi2 had metallic and ferromagnetic
(FM) characters. Both surface and confinement effects played an important role in the metallic
behavior of monolayer CrSi2. In addition, we also calculated the magnetic moment of unit cell of
2D multilayer CrSi2 nanosheets with different layers. The results showed that magnetism of CrSi2
nanosheets was attributed to band energy between layers, quantum size, and surface effects.

Keywords: electronic property; magnetism; bulk CrSi2; monolayer CrSi2; first-principle

1. Introduction

Since graphene [1], which is widely used in the fields of materials, electronics, physics, chemistry,
energy resources, biomedicines, etc., was discovered by Andre Geim and Konstantin Novoselov,
two-dimensional (2D) layered materials have triggered extensive interest owing to their unique
physical properties [2]. In the past decades, two-dimensional (2D) materials such as silicene, h-BN,
layered transition metal dichalcogenides (TMD), and monolayer transition metal silicides (TMSi2)
have been widely studied [3–11]. Contrasting with bulk materials, low-dimensional materials
with unusual physical properties are important for potential applications in spintronics [12–15],
magnetic storage [16,17], and molecular scale electronic devices [18,19], etc. Two-dimensional (2D)
materials present extensive novel properties due to quantum size effects [20–23]. The properties
of materials strongly depend on the crystal structure. Thus, we can change structure phases to
tune the properties of materials. Previous investigations have proved that controlling the crystal
structure and thickness of materials can tune magnetic moment [20], transform metal to semimetal or
semiconductor transition [21], and phase segregation [22], as well as alter electronic properties [23].
Among transition metal silicide, CrSi2 received numerous attention due to important applications
in Si-based device technology [24–26]. Previous literature concludes that bulk CrSi2 is an indirect
semiconductor. Nevertheless, to the best of our knowledge, few studies [27,28] on their magnetic
properties have been reported. In recent years, studies have demonstrated that depending on the
compositions, 2D monolayer transition metal silicides (TMSi2) are found to be either magnetic or
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nonmagnetic [9–11]. Among TMSi2 monolayers, CrSi2 sheet is found to be ferromagnetic [9–11,29], thus
it may become an important magnetic nanomaterial in spintronics. Theoretically, both Dzade et al. [29]
and Bui et al. [30] have employed the quantum ESPRESSO package to investigate silicene and
transition metal-based materials. Interestingly, they get different even conflicting results, i.e.,
Dzade deduced that two-dimensional CrSi2 is ferromagnetic, whilst Bui deduced that planar CrSi2
favors anti-ferromagnetism.

The development of spintronics and magnetic storage urgently needs synthesized novel 2D
magnetic materials. Recently, functionalization of nonmagnetic monolayer materials has been a major
way to induce magnetism [31–33]. Inspired by the synthesis of silicon, both theoretical [29,30] and
experimental [34] researchers have studied the properties of transition metal silicides layers. There
is a big obstacle in synthesizing truly two-dimensional nanomaterials and it is because its structural
stability depends on temperature sensitively. Naturally, more 2D magnetic materials are required
to meet the demand for the rapid development of spintronics and magnetic storage. In this paper,
first-principle calculations are employed to probe how dimension and size affect the electronic structure
and magnetism of both bulk and monolayer CrSi2. The phonon dispersion curve, band structures with
spin state, total and partial density of states (DOS), spin density of bulk and monolayer CrSi2 system,
and magnetic moment of per unit cell of multilayer CrSi2 nanosheets varying with different layers, are
systematically investigated. These results suggest monolayer CrSi2 may have potential applications in
exploiting molecular scale electronic devices.

2. Material and Methods

Our calculations were performed using spin-polarized density functional theory (DFT) in the
generalized gradient approximation (GGA) [35,36], with the Pedew-Burke-Ernzerhof (PBE) function
for exchange-correlation potential, which were implemented in the Cambridge Sequential Total Energy
Package (CASTEP) [37]. Projector augmented-wave (PAW) potentials [38] were employed to illustrate
electron–ion interactions. The convergence criterion of total energy was set to be 10−6 eV, and energy
cutoff of 310 eV was adopted for the expansion of plane waves after our test. The Monkhorst-Pack [39]
k-point grids of 6 × 6 × 6, 6 × 6 × 1 were applied for the Brillouin-zone (BZ) integration in bulk,
and monolayer CrSi2 computation, respectively. For monolayer CrSi2, vacuum-slabs of 15Å were
used to avoid interactions between adjacent atom layers. CrSi2 has a hexagonal structure (C40) with
nonsymmorphic space group D4

6-P6222 [24,25], containing no primitive translations which interchange
individual CrSi2 layers. The lattice constants were a = 4.431 and c = 6.364 Å [24,25]. The lattice
constants and atomic positions were fully relaxed until the force on each atom was less than 0.03 eV/Å.
Monolayer CrSi2 has a graphene-like honeycomb structure, which can be formed by a micromechanical
cleavage technique due to weak van der Waals (vdW) forces between those layers and strong covalent
bonding intralayer [40]. Top and side views of monolayer CrSi2 after geometry optimization are
depicted in Figure 1. According to chemical formula, per unit cell is constructed by one Cr atom and
two Si atoms because in every intralayer, one Cr atom is in the center of each hexagonal hole of silicene
lattice, leading to a 1:2 ratio between Cr and Si.
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Figure 1. Top and side views of bulk and monolayer CrSi2 after geometry optimization. Figure 1a,b
describe top view and side view of the bulk CrSi2 crystalline structure, Figure 1c,d depict top view
and side view of the monolayer CrSi2 crystalline structure, respectively. Yellow balls and blue balls
represent Si and Cr atoms.

3. Results and Discussion

3.1. Phonon Dispersion Curve

It is necessary to check the structural stability of materials before calculation. Although the
structures of bulk and monolayer CrSi2 have been optimized, the phase stability of these structures
remains uncertain. Phonon dispersion spectrum analysis is a valid tool to confirm the structural
stability. If all the phonon frequencies on the k-points in the Brillouin zone are positive, the structure
is stable at absolute zero of temperature. Otherwise, the structure is unstable at absolute zero of
temperature [41]. To check the structural stability of bulk and monolayer CrSi2, we accurately
calculated phonon dispersion curves along the high symmetry directions in the Brillouin zone. As
shown in Figure 2a for bulk CrSi2, and b for monolayer CrSi2, no imaginary vibration frequency
appears for bulk and monolayer CrSi2, indicating that both structures of bulk and monolayer CrSi2 are
stable at ground state in accordance with-Ref. [41].

Figure 2. Cont.
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Figure 2. Phonon dispersion curves along the high-symmetry directions in the Brillouin zone of (a) bulk
CrSi2, (b) monolayer CrSi2.

3.2. Electronic Structure

We calculated the magnetic moment of unit cell, local magnetic moment of Cr and Si atom, total
energy, band length between Cr and Si atoms, band gap and lattice parameters, listed in Table 1.
The results were satisfying, compared with those values calculated in References [9,24,25,29,30]. One
can see that bulk CrSi2 is an indirect gap semiconductor, whereas, monolayer CrSi2 has metallic
character. It can also be seen that there is a big difference between bulk and monolayer compounds
in the magnetic moment, i.e., monolayer CrSi2 unit cell has an obvious magnetic moment~3.68 μB,
and the local magnetic moment of every Cr and Si atom were 4.11 and −0.21 μB, respectively. In
contrast, for the bulk CrSi2 system, every Cr and Si atom hardly had any magnetic moment. These
results indicated that whilst bulk CrSi2 was diamagnetic, monolayer CrSi2 system was ferromagnetic
(FM), consistent with the conclusions of References [9–11,29]. However, it conflicts with the results of
Reference [30]. Unfortunately, until now, there is no available experimental evidence to validate the
contradicting theoretical results. Potentially, this research may inspire more experimenters to study
these two-dimensional systems.

Table 1. Magnetic moment and structure of bulk and monolayer CrSi2.

Magnetic
Moment of

Unit Cell (μB)

Local Magnetic
Moment of Cr

Atom (μB)

Local Magnetic
Moment of Si

Atom (μB)

Total Energy
of System

(ev)

Band Length of
cr-si of Intralayer

(å)

Band Gap
(eV)

Lattice
Parameter (Å)

bulk CrSi2

4 × 10−4 0 0 −8050.32 2.47, 2.52,2.55 0.376 a = 4.4276
c = 6.3681

0 c 0 c 0 c – 2.47 a, 2.55 a, 3.06 a 0.35 a, 0.21 d

a = 4.42 a, 4.43
d

c = 6.349 a,
6.36 d

monolayer
CrSi2

3.68 4.11 −0.21 −24118.24 2.55 0 a = 4.4276
c = 15

3.6 b 4.15 c – – 2.56 b 0 c a = 3.93968 e

c = 16.49899 e

a Reference [25]. b Reference [29]. c Reference [30]. d Reference [24]. e Reference [9].

To reveal the origin of metallicity and magnetism, band structure and total and partial density
of states (DOS) were systematically studied. As shown in Figure 3, the band structures with up and
down spin of bulk and monolayer CrSi2 are calculated. The results show that bulk CrSi2 is an indirect
gap semiconductor with a band gap of 0.376 eV, which is in good accordance with Ref. [24,25], and
monolayer CrSi2 is metallic being in good agreement with our previous results [10,11]. In the bulk
CrSi2 system, the spin-up and spin-down states were completely symmetric, which indicated that
bulk CrSi2 was a nonmagnetic semiconductor. However, for the monolayer CrSi2 system, the spin-up
and spin-down states were in complete asymmetry and both spin-up and spin-down states go across
the Fermi level, which manifested that monolayer CrSi2 was both magnetic and metallic. All these
results were in good agreement with the analysis of Table 1. It has been confirmed that the energy band
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structure of TMDs are greatly affected by the crystal structure [20]. Huang et al. [42] have explored the
origin of the high metallicity on MoSi2 nanofilms in detail. We can elucidate the physics mechanism of
why bulk CrSi2 is a semiconductor, whilst monolayer CrSi2 is metallic using Huang’s theory. Both
surface and confinement effects contribute to the high sensitivity of the metallicity on nanofilms type,
explaining the reason why monolayer has a metallic character.

Figure 3. Band structure with spin-up and spin-down of (a) bulk and (b) monolayer CrSi2.

To further investigate the physical mechanism of magnetism, which may be dependent on the
dimension of materials, we calculated the total density of states (DOS) and partial density of states
(PDOS) of bulk and monolayer CrSi2 systems, as depicted in Figure 4. Total DOS and PDOS of the
bulk CrSi2 system were fully symmetric, indicating that bulk CrSi2 system cannot have a magnetic
characteristic, in accordance with Figure 3a. In contrast, for the monolayer CrSi2 system, both total
DOS and PDOS of monolayer CrSi2 system were asymmetric, manifesting that monolayer CrSi2 system
possesses a magnetic characteristic, in good agreement with Figure 3b. The degree of dissymmetry in
PDOS of the Cr atom in monolayer CrSi2 system was greater than the Si atom’s, which is the reason
why the Cr atom has a larger local magnetic moment as depicted in Table 1. In addition, the total
density of state near Fermi level of the bulk CrSi2 system mainly consists of Cr-3d orbital electron.
The total density of state near Fermi level of the monolayer CrSi2 system is mainly made up of Cr-3d
orbital electron, with Cr-3p and Si-3p orbital electrons making limited contribution to the total density
of state of the system. Moreover, the results also indicated that total magnetic moment (3.68 μB) arose
mainly from the spin-up Cr-3d states. Han [9] has investigated the origin of magnetic behavior in
monolayer FeSi2 and CoSi2 by orbital coupling of atoms. The stronger orbital coupling between atoms
may account for the quench of magnetism of the atom. It can be seen from Figure 4b that no noticeable
coupling between p orbital of Si atom and d orbital of Cr atom is found around the Fermi level, which
indicates that monolayer CrSi2 has magnetic behavior.
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Figure 4. Total and partial density of states (DOS) varies from the energy for (a) bulk and
(b) monolayer CrSi2.

3.3. Magnetic Properties

To understand the origin of magnetism, which may be dependent on the dimension of the
material, we further investigated the spin density of bulk and monolayer CrSi2 systems. As shown
in Figure 5, the spin density isosurface plots of bulk and monolayer CrSi2 on top view (001) are
particularly calculated. For the bulk CrSi2 system, spin density near Cr and Si atoms was close to zero,
which agreed with the calculations of local magnetism moment of Cr and Si atoms (0 μB) in Table 1.
Nevertheless, for the monolayer CrSi2 system, the numerical values of spin density near Cr atoms
were very noticeable, which was much larger than those of spin density near Si atoms. It indicated that
the behavior of magnetism in the monolayer was mainly contributed by the magnetic property of Cr
atoms. Through careful analysis, we found that electron transfer from one Cr atom to one Si was equal
in both the bulk and monolayer CrSi2 systems. The magnetic behavior has discrepancy in different
dimension structures, which can be interpreted considering the charge transfer model [43] and Hund’s
rules. The valence electron configurations of Cr and Si atoms are 3d54s1 and 3s23p2, respectively. In the
bulk structure, every Cr (3d54s1) atom transfers one 4s electron and one 3d electron to adjacent two Si
(3s23p2) atoms. Then, the Si atom whose electron configuration is 3s23p3 captures one electron to form
a stable close-shell electronic structure, and thus has zero spin. The electron configuration of Cr atom
is 3d4, which is an unstable electronic structure according to the octet rule. Owing to the van der Waals
(vdW) force and chemical bonds energy between layers, valence electrons of Cr atom are antiparallel,
as depicted in Figure 6a, leaving neither unpaired electrons nor net spin, which demonstrates that
the Cr atom has no magnetic moment in the bulk CrSi2 system. This is slightly different from spin
density, as depicted in Figure 5a, because it does not consider crystal field splitting. In the monolayer
structure, valence electrons of Cr atom are parallel, as depicted in Figure 6b, which has the lowest
energy due to the absence of the van der Waals (vdW) force and chemical bonds between layers, as
well as the decline of chemical bonds energy in intralayer (i.e., the bond lengths increase, see Table 1),
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leaving unpaired electrons and net spin. This demonstrates that the Cr atom has magnetic moment
in the monolayer CrSi2 system. Compared with the bulk material, electrons in the monolayer case
favored occupying different orbits and having parallel spins, resulting in the monolayer case having
less unfavorable Coulomb repulsion and lower energy. It was consistent with the Hund’s rules, that
electrons always take precedence of different orbits and have the same spin direction occupying the
equivalent orbital.

Figure 5. Spin density iso-surface plots of (a) bulk and (b) monolayer CrSi2 on top view (001). The
iso-surface level is set as 0.003e/Å3.

Owing to quantum size and surface effects, two-dimensional (2D) materials may present extensive
novel physical and chemical properties, when downsizing from three dimensions to two dimensions
or one dimension [20–23,44–47]. To further investigate the interrelationship between thickness and
magnetism in CrSi2, we also calculated magnetic moment of unit cell of 2D multilayer nanosheets
with different layers. The results depicted in Figure 7 show that the magnetic moment sharply
decreases with the increase in the numbers of layers (especially, the magnetic moment decreases
greatest when the number of layers increases from one layer to two layers). As the layers increase, the
decrease of magnetic moments occurs in CrSi2 nanosheets. Considering weak van der Waals force
and strong chemical bonds between layers, quantum size [20–23,46] and surface effects [44] occur
when downsizing from bilayers to monolayer in CrSi2 nanosheets. We deduced that the band energy
between layers, as well as quantum size and surface effects play an important role in magnetism of
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materials. Magnetic response of 2D materials can be tuned by controlling the thinness of thin films,
which is an advantageous application in magnetic materials.

Figure 6. Valence electron diagrams of Cr atom in (a) bulk and (b) monolayer CrSi2 systems.

Figure 7. The magnetic moment of unit cell of multilayer CrSi2 nanosheets varies with different layers.

4. Conclusions

Electronic and magnetic properties of CrSi2 were calculated using the first-principle methods
based on density functional theory. The phonon dispersion curve, band structures with spin state,
total and partial density of states (DOS), and spin density of bulk and monolayer CrSi2 systems were
systematically investigated. Both bulk and monolayer CrSi2 were structurally stable at ground state.
The results showed that the bulk CrSi2 system is an indirect gap non-magnetic semiconductor with
a band gap of 0.376 eV, whilst the monolayer CrSi2 sheets were metallic and ferromagnetic (FM).
Compared with previous literature, our results were consistent with Dzade’s results (ferromagnetism)
and inconsistent with Bui’s results (anti-ferromagnetism). We explain the reason why monolayer CrSi2
had metallic behavior using Huang’s theory, where surface and confinement effects play an important
role in the metallic behavior of monolayer CrSi2. Further analysis showed that total DOS and PDOS of
the bulk CrSi2 system were fully symmetric, and those of the monolayer CrSi2 system were asymmetric,
which may reveal the physical mechanism of magnetism for bulk and CrSi2 nanosheets. In addition,
we also elucidated the origin of magnetism considering the charge transfer model and Hund’s rules,
where magnetic moment of unit cell of 2D multilayer nanosheets with different layers was calculated.
The results showed that the magnetism of materials is attributed to band energy between layers, as
well as quantum size and surface effects. We also expect that our calculations may provide some
helpful insight into further experimental investigations, and they show promise in device applications
based on 2D CrSi2 nanosheets.
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Abstract: Recently, an increasing number of rare-earth-based equiatomic quaternary compounds
have been reported as promising novel spintronic materials. The rare-earth-based equiatomic
quaternary compounds can be magnetic semiconductors (MSs), spin-gapless semiconductors (SGSs),
and half-metals (HMs). Using first-principle calculations, we investigated the crystal structure, density
of states, band structure, and magnetic properties of a new rare-earth-based equiatomic quaternary
Heusler (EQH) compound, ScFeRhP. The results demonstrated that ScFeRhP is a HM at its equilibrium
lattice constant, with a total magnetic moment per unit cell of 1 μB. Furthermore, upon introduction
of a uniform strain, the physical state of this compound changes with the following transitions:
non-magnetic-semiconductor-(NMS) → MS → SGS → HM → metal. We believe that these results
will inspire further studies on other rare-earth-based EQH compounds for spintronic applications.

Keywords: quaternary Heusler compound; first-principle calculations; physical nature

1. Introduction

Since the first report on half-metal (HM) by Groot et al. [1], various Heusler compounds have
been verified by theoretical approaches and experiments to be HM materials. The HM Heusler alloys
attract significant interest owing to their novel physical properties [2–6].

Typically, Heusler-based HMs can be divided into three types: half-Heusler HMs [3], full-Heusler
HMs [4], and quaternary Heusler HMs [5]. The quaternary Heusler alloys (XMYZ) can be regarded as
a combination of two full-Heusler alloys: X2YZ and M2YZ (X, Y, M are individual 3d or 4d transition
elements, while Z is an atom of the main group). Many quaternary Heusler HMs have been investigated
by first-principle approaches. For example, Han et al. [6] have investigated a novel equiatomic
quaternary Heusler (EQH) alloy YRhTiGe, concluding that it is an HM with a ferromagnetic ground
state. Moreover, they studied its mechanical anisotropy, as well as dependence on the direction of shear
modulus and Young’s modulus in detail. New quaternary HMs, FeRuCrP and FeRhCrP [5], have been
studied by Ma et al. in 2017; strain has been introduced to investigate its effect on the HM states.

In recent years, Wang [7] has theoretically predicted a novel type of materials, referred to as
spin-gapless semiconductors (SGSs). The SGSs can be categorized as new members of the zero-gapless
material family. Following this study, many Heusler-based SGSs [8] were studied. Recently, Zhang et al.
studied the LuCoCrGe EQH compound [9], revealing that it is a highly dispersive gapless HM
under strain.

Figure 1 illustrates a HM, SGS, and magnetic semiconductor (MS). Figure 1a shows that one of the
channels (spin-down (minority) channel) is metallic, while the other one (spin-up (majority) channel)
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exhibits a semiconducting behavior. Figure 1b shows that there is a band gap for the spin-up channel
between the two bands (conduction and valence bands). The behavior is different for the spin-down
channel, exhibiting a zero-gap between these bands; this behavior corresponds to SGS. In Figure 1c,
two semiconductor-type band gaps are observed in both channels, corresponding to MS properties.

Figure 1. Schematics of the densities of states of a (a) half-metal (HM), (b) spin-gapless semiconductor
(SGS), and (c) magnetic semiconductor (MS).

In this study, we employed first-principle calculations to investigate the crystal structure,
electronic structure, and magnetic properties of a new rare-earth-containing EQH compound ScFeRhP.
We demonstrate that this compound is HM at its equilibrium lattice constant. Rare physical transitions
with an SGS feature can be observed at different strain magnitudes.

2. Calculation Method

We calculated the band structure and magnetic properties of ScFeRhP by the plane-wave
pseudopotential method [10,11], using the Cambridge Serial Total-Energy Package (CASTEP) software.
We studied the interaction between the valence electrons and nuclei by the method of ultra-soft
pseudopotentials [12]. The generalized gradient approximation (GGA) was used to calculate the
exchange and correlation between electrons [13] using the scheme of Perdew-Burke-Ernzerhof
(PBE) [14]. In all calculations, a k-point mesh of 12 × 12 × 12 and plane-wave basis-set cut-off
of 450 eV were used. The above parameter settings ensure accuracy of the calculation results.

3. Results and Discussion

3.1. Structural Stability and Total Energy

In general, the EQH compounds have LiMgPdSn-type structures [15]. Three types of crystal
structures and their distinct atomic positions of the ScFeRhP EQH compound are shown in Figure 2
and Table 1, respectively. Following the atom-occupation rule, Rh tends to occupy the site D (3/4, 3/4,
3/4), P and Sc tend to occupy the A (0, 0, 0) and C (1/2, 1/2, 1/2) sites, respectively, and Fe tends to
occupy the B (1/4, 1/4, 1/4) site. Therefore, for the ScFeRhP compound, type I (see Figure 2) is the
most probable configuration owing to its lowest energy.
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Figure 2. Three possible crystal structures (a) type 1, (b) type 2, (c) type 3 for ScFeRhP compound.

Table 1. Three crystal-structure atomic positions of the ScFeRhP equiatomic quaternary Heusler
(EQH) compound.

Type P Fe Sc Rh

Type 1 A (0, 0, 0) B (1/4, 1/4, 1/4) C (1/2, 1/2, 1/2) D (3/4, 3/4, 3/4)
Type 2 A (0, 0, 0) C (1/2, 1/2, 1/2) B (1/4, 1/4, 1/4) D (3/4, 3/4, 3/4)
Type 3 B (1/4, 1/4, 1/4) A (0, 0, 0) C (1/2, 1/2, 1/2) D (3/4, 3/4, 3/4)

For geometric optimization of the ScFeRhP EQH compound, the crystal cell energy is minimized
as a function of the lattice constant. The three possible crystal structures are shown in Figure 2.
Each of them has ferromagnetic (FM) and non-magnetic (NM) states. We calculated the energies by
the CASTEP software. Figure 3a shows total energies in FM states for the type 1, 2, and 3 structures,
respectively, and Figure 3b shows the energies of both FM state and NM state for type 1 structure.
Among the considered cases the calculated result that the type 1 structure at the FM state exhibits the
minimum energy. More details about the equilibrium lattice constants and the total energies of these
three type structures can be seen in Table 2. This indicates that the most stable of these structures is the
type 1 structure at the FM state. According to the calculations, the equilibrium lattice constant of the
ScFeRhP EQH compound is 5.97 Å.

  
Figure 3. Total-energy-lattice-constant curves of the ScFeRhP compound in ferromagnetic (FM) states
for the type (a) 1, 2, and 3 structures, and (b) FM and non-magnetic (NM) states for type 1.
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Table 2. The equilibrium lattice constant and minimum total energy of each type for both FM and NM
magnetic states.

States Calculated Value Type 1 Type 2 Type 3

FM
Equilibrium lattice constant 5.97 Å 6.14 Å 6.18 Å

Total energy −2931.40 eV −2930.75 eV −2930.72 eV

NM
Equilibrium lattice constant 5.96 Å 6.08 Å 6.10 Å

Total energy −2931.23 eV −2929.80 eV −2930.06 eV

3.2. Electronic Structure and Slater–Pauling Rule

The partial and total (Mt) element magnetic moments, and total number of valence electrons (Zt)
of this compound at the most stable configuration are shown in Table 3. The Mt of the ScFeRhP EQH
compound is 1 μB, while its total number of valence electrons is 25. This EQH compound obeys the
Slater-Pauling rule: Mt = Zt − 24 [16].

Table 3. Partial and total magnetic moments (μB), calculated equilibrium lattice constant, Zt,
and Slater-Pauling (S-P) rule for the ScFeRhP compound.

Compound Total P Fe Sc Rh a (Å) Zt S-P Rule

ScFeRhP 1.00 0.04 0.98 −0.24 0.22 5.97 25 Mt = Zt − 24

Figure 4 shows the calculated band structures for the ScFeRhP compound. The band structure
reveals the half-metallicity of this compound near the Fermi level. The spin-up channel exhibits a metallic
character, while the spin-down channel exhibits a semiconducting character. Therefore, based on the
obtained band structures and magnetism, we can conclude that the ScFeRhP EQH compound is a HM.

  
Figure 4. Band structures of the (a) spin-up and (b) spin-down channels of the ScFeRhP EQH compound
at its equilibrium lattice constant.

We analyze the origin of the band gap at the spin-down channel in Figure 5. According to the
study of Galanakis et al., P has completely occupied 1s and 3p states. We need to consider only the
hybridization character of the 3d and 4d states of the ScFeRhP EQH compound, as shown in Figure 5.
For this alloy, the d4 and d5 orbits of the Fe and Sc atoms couple forming antibonding eu and bonding
eg states. The d1, d2, and d3 orbits of the Fe and Sc atoms couple forming antibonding t1u and bonding
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t2g states. The same states of the Rh atom hybridize with the above orbits, yielding 15 orbits (3 t2g, 2 eg,
2 eu, 3 t1u, 3 t2g, and 2 eg). There are 8 occupied orbits under the Fermi level (Figure 5). Combined with
the 3p and 1s orbitals generated by P, there are a total of 12 orbits below the Fermi level; therefore,
this compound follows the Slater-Pauling rule: Mt = Zt − 24.

Figure 5. d-Orbit hybridization of the Rh (4d) and Fe/Sc (3d) transition elements in the ScFeRhP
EQH compound.

In order to explain the origin of the band gap [17], we analyzed the partial densities of states
(PDOS) and total density of states (TDOS) of ScFeRhP; the results are shown in Figure 6. The PDOS
indicate that the TDOS at the Fermi level are mostly attributed to the Fe 3d and Rh 4d states. The PDOS
of the P atoms and rare-earth element Sc are significantly lower near the Fermi level compared with
those of the Fe and Rh atoms. Figure 6 reveals that the Fe element exhibits a stronger spin splitting
at −1.4 eV in the majority channel and −0.8 eV in the other channel for the bonding state. For the
Rh element, the bonding state was observed mostly in the range of −3.5 eV to −4 eV in the majority
channel and in the range of −3 eV to −3.5 eV in the other channel.

Figure 6. Total density of states (TDOS) and partial densities of states (PDOSs) for ScFeRhP.
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3.3. Magnetic Properties

The magnetic behavior of the ScFeRhP alloy at strained lattice constants is discussed in detail in
this section. The Mt of the ScFeRhP EQH compound is 1 μB at its equilibrium lattice constant, and it
remains almost unchanged when the lattice constant changed in a large range. The main contribution
to the magnetic moment originates from the Fe atoms, as shown in Table 3. The Mt and partial magnetic
moments at strained lattice constants of the ScFeRhP compound are presented in Figure 7. According
to the actual conditions, we focus on compressive and expanded lattice constants in the range of 5.30 Å
to 6.10 Å. As shown above, the total magnetic moment of the ScFeRhP EQH compound is 1 μB at its
equilibrium lattice constant. The magnetic moment decreases with the increase of the lattice constant
for both P and Sc atoms; the magnetic moment of the Fe atom continuously increases, while that of the
Rh atom is almost constant.

Figure 7. Partial and total magnetic moments as a function of the lattice constant of the ScFeRhP
EQH compound.

3.4. Transitions of the Physical State under Uniform Strain

In this section, we discuss the change of the physical state of the compound under uniform strain.
A novel distinct transition can be observed in the obtained band structure of the ScFeRhP compound
at its strained lattice constants. The conversion of non-MS-(NMS)-to-MS-to-SGS-to-HM-to-M for this
compound is shown in Figure 8.
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Figure 8. (a–f) are band structures under strained lattice constants of 4.95 Å, 5.35 Å, 5.50 Å, 5.70 Å,
5.97 Å, and 6.10 Å, respectively, for ScFeRhP compound.

The detailed band structures are plotted in Figure 8. With the increase of the lattice constant,
the valence band moves down in the minority channel at the X-point, and moves up in the majority
channel at the G-point, whereas in the conduction band, the opposite behavior is observed. If the
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lattice constant is smaller than 4.95 Å, the compound is NMS. If the parameter is in the range of 4.95 Å
to 5.495 Å, the compound is MS. If the parameter is in the range of 5.495 Å to 5.505 Å, a zero-gap
between the spin-up channel in the valence band and spin-down channel in the conduction band
appears; the compound is SGS. If the parameter is in the range of 5.505 Å to 6.05 Å, the compound is
HM, while for lattice constants larger than 6.05 Å, the compound is metal. These results are illustrated
in Figure 9.

Figure 9. Physical transitions under uniformly strained lattice constants.

4. Conclusions

Using first-principle calculations, the crystal structure, band structure, magnetic properties,
and origin of the band gap of the ScFeRhP compound were studied. The compound is HM at its
equilibrium lattice constant. Upon introduction of strain, the compound exhibited transitions of its
physic state (NMS → MS → SGS → HM → M), which implies that the magnetic properties and
electronic structure could be widely changed by external tension or compression. A SGS feature
appeared by tuning the lattice constant of the ScFeRhP compound. This study indicates that the
ScFeRhP EQH compound can be used in spintronic applications.
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Featured Application: Current-perpendicular-to-plane spin valve based on spin gapless

semiconductor Mn2CoAl with MnCo termination possesses high value of magnetoresistance of

2886% and has a better application in a spintronics device.

Abstract: Employing the first-principles calculations within density functional theory (DFT)
combined with the nonequilibrium Green’s function, we investigated the interfacial electronic,
magnetic, and spin transport properties of Mn2CoAl/Ag/Mn2CoAl current-perpendicular-to-plane
spin valves (CPP-SV). Due to the interface rehybridization, the magnetic moment of the interface
atom gets enhanced. Further analysis on electronic structures reveals that owing to the interface
states, the interface spin polarization is decreased. The largest interface spin polarization (ISP) of
78% belongs to the MnCoT-terminated interface, and the ISP of the MnMnT1-terminated interface
is also as high as 45%. The transmission curves of Mn2CoAl/Ag/Mn2CoAl reveal that the
transmission coefficient at the Fermi level in the majority spin channel is much higher than that
in the minority spin channel. Furthermore, the calculated magnetoresistance (MR) ratio of the
MnCoT-terminated interface reaches up to 2886%, while that of the MnMnT1-terminated interface is
only 330%. Therefore, Mn2CoAl/Ag/Mn2CoAl CPP-SV with an MnCo-terminated interface structure
has a better application in a spintronics device.

Keywords: Heusler alloy; spin gapless semiconductor; electronic structure; spin transport

1. Introduction

The current-perpendicular-to-plane spin valve (CPP-SV) is regarded as one of the most significant
spintronics devices, and has great potential for spin transfer torque devices in spin random
access memory and ultra-high-speed reading in magnetic read heads of hard disk drivers [1–4].
The generation and detection of highly polarized spin current is one of the foremost challenges of a
CPP-SV. Half metallic Heusler alloys (HMHA) usually have a high Curie temperature (TC) and their
lattice constants are close to Ag and Cu. In addition, one spin band (majority spin) of HMHA exhibits
metallic behavior, while the other spin band (minority spin) displays semiconductor behavior, and such
a band structure could generate a high spin polarized current. Therefore, HMHA has been explored
as an electrode of CPP-SV to achieve a high magnetoresistance (MR) ratio [5–11]. Takayashi et al.
reported a large MR ratio of 74.8% at room temperature (RT) in CPP-SV using Co2MnGa0.25Ge0.75 [12].
Sakuraba et al. demonstrated an MR ratio of 58% at RT and 184% at 30 K in Co2Fe0.4Mn0.6Si/Ag
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CPP-SV [13]. Moreover, a number of CPP-SVs employing a Heusler alloy as the spin injector, such
as Co2MnSi/Ag, Co2FeAl0.5Si0.5/Ag, and Co2FeGa0.5Ge0.5/Ag, also obtained high MR ratios [14,15].
More recently, the Hg2CuTi type Heusler alloy Mn2CoAl has been demonstrated to be one of the spin
gapless semiconductors (SGS) from theoretical calculation combined with experimental work [16–26].
The minority spin band of Mn2CoAl has an energy gap around the Fermi level, while the top of the
valence band and the bottom of the conduction band touch at the Fermi level (see Figure 1). The special
band structure allows the holes and electrons to be spin polarized simultaneously. Mn2CoAl has
attracted much attention and it is considered to possess great potential for spintronics. Since the MR
ratio of spin valves based on a Heusler alloy severely depends on its interface properties, and in order
to explore outstanding candidates for CPP-SV, we study the interface magnetism, electronic structure,
and spin transport properties of Mn2CoAl/Ag/Mn2CoAl CPP-SV.

There are two ideal terminations along the (0 0 1) direction in a Heusler alloy Mn2CoAl: MnCo
and MnAl. Besides, there are two ways to connect a Heusler alloy with an Ag spacer, one of which
is where atoms from the Heusler alloy sit on top of Ag atoms, which is noted as MnCoT and MnAlT.
The other way is where atoms from the Heusler alloy locate in the bridge site between Ag atoms,
which is noted as MnCoB and MnAlB. In addition, according to previous works, a pure Mn-modified
artificial termination could improve the spin polarization [27,28], so MnMn terminations are also
considered. When interface Co atoms in MnCoT and MnCoB are replaced by Mn atoms, MnMnT1

and MnMnB1 are built, respectively. Similarly, when interface Al atoms in MnAlT and MnAlB are
substituted with Mn atoms, MnMnT2 and MnMnB2 are built, respectively. Various interface structures
of Mn2CoAl/Ag/Mn2CoAl CPP-SV are exhibited in Figure 2.

Figure 1. (a) Schematic representation of Mn2CoAl bulk structure. The schematic density of states of
n (E) as a function of energy E is shown for (b) a spin gapless semiconductor. The occupied states are
indicated by filled areas. Arrows indicate the majority and minority states.

2. Calculation Methods

The structure optimization, electronic, and magnetic properties are calculated by utilizing
the Vienna ab initio Simulation Package (VASP) based on density functional theory (DFT) within
generalized gradient approximation (GGA) [29]. We make use of projector-augmental wave (PAW) [30]
pseudopotential to deal with the electron-iron interaction, and the Mn (3d54s2), Co (3d74s2), Al (3s23p1),
and Ag (4d105s1) are selected as valence-electron configurations. The mesh of special k-points in the
Brillouin zone is set to 7 × 7 × 1 and the SCF convergence criterion of 10−6 eV is applied. The cutoff
energy is taken to be 500 eV. The optimized Ag and Mn2CoAl bulks are cleaved along the Miller
indices (0 0 1) crystal direction, and we chose 13 Mn2CoAl layers as the electrode and nine Ag
layers as the spacer layer to compose the Mn2CoAl/Ag/Mn2CoAl heterojunction. The in-plane
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lattice parameter is fixed to 4.1 Å, which corresponds to 1/
√

2 of the experimental lattice constant of
Mn2CoAl bulk (5.798 Å [20]), and such a value is very close to the lattice constant of Ag. Therefore,
the lattice mismatch between the Mn2CoAl electrode and Ag is very small. The spin-dependent
transport properties calculations are based on a state-of-the-art technique where DFT is combined
with the Keldysh nonequilibrium Green’s function (NEGF) theory, as implemented in the Nanodcal
package [31,32].

Figure 2. Various atomic terminations of the Mn2CoAl/Ag/Mn2CoAl (001) interface.

3. Result and Discussion

The displacements of interface atoms in various Mn2CoAl/Ag/Mn2CoAl structures are measured
and exhibited in Figure 3. L1 and L2 indicate the interface and subinterface, respectively. It can be
seen that the interfacial MnA atom has an obvious outward extension in MnCoB, MnCoT, MnMnT1,
and MnMnB1 structures, revealing that the interface Mn atom prefers to bond with the interface atom
from the spacer layer, and such behavior is also reported in previous theoretical and experimental
studies [33,34]. As for the interfacial MnB atom, it slightly stretches outward in MnMnT2 and MnMnB2,
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and keeps its ideal position in MnAlT, while it even shrinks inward in MnAlB, showing that its
bonding ability is weaker than interfacial MnA. The interface Co atom has a slight outward movement,
and when the MnMnT1 and MnMnB1-terminated interface are respectively formed by substituting
interface Co with the Mn atom, such an outward action is enhanced. Besides, for various different
structures, the outward movement of the subinterface atom is very small, and the position of the next
subinterface atom is nearly unchanged, so their behaviors are extremely similar to the bulk (not shown
in Figure 3).

Figure 3. The relaxed atomic positions in various terminations. L1 and L2 indicate the interface and
subinterface, respectively.

The interface free energy (γ) versus atomic chemical potentials is calculated in order to determine
the interface stability. As was mentioned in Ref. [34], the γ can be expressed as

γ =
1

2A

[
G − ∑

i
μi Ni

]
(1)

where A is the interface area of a supercell, G stands for the Gibbs free energy of the slab; and μi
and Ni are the chemical potential and the number of the ith atom, respectively. The relationship
among the interdependent chemical potentials can be expressed as 2μMn + μCo + μAl = Gbulk. Besides,
the highest values of μCo and μMn are μCo = GCo and μMn = GMn, where GCo and GMn are Gibbs free
energies of the Co and Mn bulk, respectively. Besides, due to the reason that 2Mn + CoAl = Mn2CoAl
and Co + Mn2Al = Mn2CoAl, the lowest values of μCo and μMn are

μMn =
1
2
[Gbulk − GCoAl ], μCo =

1
2
[
Gbulk − GMn2 Al

]
(2)

In Figure 4, the MnMnT1 and MnMnB1 always stay in the thermodynamic accessible region (TAR)
and occupy the maximum area. As μMn and μCo increase, MnMnT2, MnMnB2, MnCoT, and MnCoB are
included in the TAR, revealing that these interfaces could be stable under the condition of Mn rich
and Co rich. In addition, MnMnB2 enters into the TAR under the condition of μCo = −0.702 Ryd and
μMn = −0.523 Ryd, while MnMnT2 appears in the TAR when μCo = −0.702 Ryd and μMn = −0.694 Ryd,
indicating that the formation of a stable MnMnT2 needs a richer Mn condition than MnMnB2. In the
case of MnCoB, it enters into the TAR when μCo and μMn respectively increase to −0.672 Ryd and
−0.477 Ryd, while MnCoT appears in the TAR when μCo = −0.68 Ryd and μMn = −0.547 Ryd. Therefore,
it could be deduced that the MnCo terminated interface can be more easily obtained in a bridge-type
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structure than in a top-type structure. However, as for MnAl terminated interfaces, they are excluded
from the TAR in both top-type and bridge-type structures.

The atom-resolved spin magnetic moments (AMMs) in the first three layers are plotted in Figure 5.
In the Mn2CoAl bulk, each atom locates at a tetrahedral symmetry position, and each Co and MnA

atom has four Al and four MnB as the nearest neighbors. While in the Mn2CoAl/Ag/Mn2CoAl
heterostructures, an Ag atom takes the place of half of the nearest neighbors of the interface atom,
reducing atomic coordination numbers at the interface. As a result, it breaks the periodic crystal field at
the interface and the localization of the d-electron atom at the interface is enhanced. Therefore, AMMs
of interface atoms are strengthened in various structures, and are larger than their corresponding
bulk values. Besides, the relative distance between magnetic atoms could also affect the value of
AMM. The maximum outward extension belongs to the interface Mn atom in the MnCoT structure,
and it results in reduced hybridization and strengthened localization. Therefore, its AMM rises up to
the highest value of 3.73 μB. The interface Mn atom in MnMnB1 has a lower AMM than in MnCoB,
although they have a similar outward movement. This could be ascribed to the fact that the interface
of MnMnB1 is completely occupied by Mn atoms, and the interaction between Mn atoms is stronger
than that between Co and Mn atoms. Such an explanation is also applied to the interface Mn atom in
MnAlT and MnMnT2, as well as MnAlB and MnMnB2.

 

Figure 4. The calculated phase diagram of the Mn2CoAl/Ag/Mn2CoAl (001) interface. The dashed
lines denote the thermodynamically accessible region.

Figure 5. Atom-resolved spin magnetic moment of magnetic atoms of various terminations. L1, L2,
and L3 indicate the interface, subinterface, and next subinterface, respectively. The region with ‘*’
stands for the replaced atom.
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Owing to the fact that subinterface atoms have small displacement, and the atom at the next
subinterface maintains its position, AMMs of the subinterface and the next subinterface atoms could
be compared to corresponding values in the bulk, revealing that atoms at deeper layers receive a minor
interface effect. AMM of the Al atom presents negative values due to the fact that the sp-atom has
a function of a bridge between local d-electron atoms according to the RKKY exchange model.

Spin transportation of a spintronics device severely depends on interface spin polarization (ISP),
which can be written as (D↑ − D↓)/(D↑ + D↓), where the D↑ and D↓ respectively represent the majority
spin density of states and minority spin density of states. First, we calculate the total density of
states (DOS). It can be seen from Figure 6 that interface half-metallicity is not detected in various
structures. The MnCoT interface displays the highest ISP of 78%, and the ISP of MnMnT1 also exhibits
a value as high as 45%; while the ISP of MnMnT2, MnCoT, and MnMnB1 are only 26%, 33%, and 32%,
respectively. The ISP of MnMnB2 even descends to a poor value of 10%. Hence, it reveals that with
different Co2MnSi/GaAs and CoFeMnSi/GaAs heterojunctions [27,35], the interface containing the
pure Mn atom in Mn2CoAl/Ag spin valves could not improve the ISP.

Figure 6. The total density of states (DOS) of various structures. The shadow region indicates the DOS
of the Mn2CoAl bulk. P stands for spin polarization.

Due to the reason that MnCoT and MnMnT1 structures possess a high ISP, the project density
of states (PDOS) in the interface, subinterface, and the next subinterface of these two terminated
structures are further investigated and displayed in Figure 7. As for the interface magnetic atom,
its majority spin band shifts to the lower energy region, while the minority spin band moves towards
the higher energy region. Therefore, the exchange splitting is increased and magnetic moments are
increased owing to the truncated periodic crystal field at the interface. The MnA atom in Mn2CoAl bulk
displays reverse splitting, which leads to its negative value of magnetic moment, while it converts to
normal splitting at the interface, and its magnetic moment obtains a positive value. Quite the opposite,
the normal splitting of the MnB atom in the bulk shifts to reverse splitting at the subinterface of MnCoT
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and MnMnT1 structures. It indicates that the antiferromagnetic interaction of MnA in bulk turns to
a ferromagnetic interaction when it at the interface, while the ferromagnetic coupling of bulk MnB

converts to antiferromagnetic coupling when at the subinterface. Besides, some polarized peaks which
have a d-orbital characteristic appear in the minority spin energy gap at the interface, and the energy
of these peaks decreases in the second layer and finally vanishes in the third layer. Therefore, these
polarized peaks are considered to be interface states, and they are responsible for the destruction of
interface half-metallicity. In addition, it can be seen that the PDOSs of atoms at the third layer are very
similar to their features in bulk, revealing that the electronic structures of the deeper layer receive
a minor influence of the interface effect.

Figure 7. The partial density of states (PDOS) of (a) MnCoT- and (b) MnMnT1-terminated structures.
The shadow region indicates atomic PDOS of the bulk. L1, L2, and L3 indicate the interface, subinterface,
and next subinterface, respectively.

Among various investigated structures, due to the reason that the ISP of the MnCoT-terminated
and MnMnT1-terminated interface reaches up to 78% and 45%, respectively; the transport properties of
the Mn2CoAl/Ag/Mn2CoAl spin valve with an MnCoT-terminated and MnMnT1-terminated interface
have been calculated. The energy- and spin-resolved transmission coefficient Tσ(E) is defined as

Tσ(E) =
1
n2

∫
d2k//Tσ(

→
k //, E) (3)

where n2 represents the number of sampling points in the two-dimensional Brillouin zone (2-D BZ),
and σ is the spin direction. The transmission coefficients of the Mn2CoAl/Ag/Mn2CoAl junction with
an MnCoT-terminated and MnMnT1-terminated interface at equilibrium are calculated and presented
in Figure 8, and the Fermi level has an energy of zero. When magnetic moments of two Mn2CoAl
electrode layers are in a parallel configuration (PC), the transmission coefficient curve of the majority
spin channel is totally different to that of the minority spin channel. For the MnCoT-terminated
structure, the value of the transmission coefficient of the majority spin channel at Fermi level Tmaj

PC (Ef )

is 0.00663, and that of the minority spin channel at Fermi level Tmin
PC (Ef ) is almost zero. For the

MnMnT1-terminated structure, Tmaj
PC (Ef ) is 0.0038 and Tmin

PC (Ef ) is also close to zero. When the
magnetic moments of two Mn2CoAl electrode layers are in an anti-parallel configuration (APC),
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due to the reason that our Mn2CoAl/Ag/Mn2CoAl spin valve model is geometrically symmetric with
respect to the middle plane of the center scattering region, the transmission coefficient curve of the
spin up channel is exactly the same as that of the spin down channel. For the MnCoT-terminated
structure, the value of the transmission coefficient of the majority spin channel and minority spin
channel at the Fermi level is Tmaj

APC(Ef ) = Tmin
APC(Ef ) = 0.111 × 10−3. For the MnMnT1-terminated

structure, Tmaj
APC(Ef ) = Tmin

APC(Ef ) = 0.442 × 10−3.

Figure 8. Transmission coefficient versus electron energy in PC (parallel configuration) and APC
(anti-parallel configuration) of the Mn2CoAl/Ag/Mn2CoAl CPP-SV at equilibrium; (a) The structure
with MnCoT-termination; (b) The structure with MnMnT1-termination.

The magnetoresistance (MR) ratio of Mn2CoAl/Ag/Mn2CoAl CPP-SV with an MnCoT-terminated
and MnMnT1-terminated interface is also calculated by:

MR =

∣∣∣∣ Gpc − GAPC

min(Gpc, GAPC)

∣∣∣∣× 100% (4)

where Gpc and GApc are conductance at the Fermi level in PC and APC, respectively, where

GPC = Tmaj
PC + Tmin

PC and GAPC = Tmaj
APC + Tmin

APC. According to the calculated values in Figure 8, the MR
ratio of the MnCoT-terminated structure is as high as 2886%, while that of the MnMnT1-terminated
structure is only about 330%. Our calculated results indicate that the Mn2CoAl/Ag/Mn2CoAl spin
valve with the MnCoT-terminated interface is a high-performance spintronics device. Furthermore,
the 2-D BZ transmission coefficients at the Fermi level as a function of kx and ky, which are
perpendicular to the transport direction (z axis), have been calculated at equilibrium. The contour

plots of the
→
k // dependence of the spin up and spin down transmission coefficients in PC and APC

have been mapped in Figure 9. It can be seen that the density of dark-red spots in Figure 9a is much
higher than that in Figure 9b, indicating that the majority spin electrons in PC have larger transmission
probabilities than minority spin electrons, and it is consistent with the calculated transmission curves
exhibited in Figure 8. In addition, the contour plots of the majority spin transmission coefficient in
APC are exactly the same as those of the minority spin transmission coefficient, and rare hot spots exist
in Figure 9c,d, indicating that the transmissions of both majority spin and minority spin channels in
APC have been suppressed.
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(a) (b) 

(c) (d) 

Figure 9. The k//-resolved transmission coefficients of the MnCoT-terminated structure at the Fermi
level E = Ef. (a) Majoirty spin in PC; (b) minority spin in PC; (c) majority spin in APC; (d) minority spin
in APC.

4. Conclusions

Combining the first-principles calculations within density functional theory (DFT) with
nonequilibrium Green’s function, we investigated the interface magnetism and electronic structures of
Mn2CoAl/Ag/Mn2CoAl CPP-SV. Our calculations reveal that due to the reason that crystal symmetry
at the interface is broken, the rehybridization leading to the AMMs of atoms at the interface becomes
enhanced. Moreover, analyses of electronic structures reveal that owing to the interface states,
the interface half-metallicity is destroyed. The MnCoT-terminated interface preserves the highest ISP
of 78%, and the MnMnT1-terminated interface also has a high ISP of 45%. The transmission curves
reveal that the transmission coefficient at the Fermi level in the majority spin channel is much higher
than that in the minority spin channel. Furthermore, the calculated magnetoresistance (MR) ratio of the
MnCoT-terminated interface reaches up to 2886%, while that of the MnMnT1-terminated interface is
only 330%. Therefore, Mn2CoAl/Ag/Mn2CoAl CPP-SV with an MnCoT-terminated interface structure
has a better application in a spintronics device.
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